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Preface 


The  term  hydrothermal  is  purely  of  geological  origin.  It  was  first 
used  by  the  British  geologist,  Sir  Roderick  Murchison  (1792-1871),  to 
describe  the  action  of  water  at  elevated  temperature  and  pressure  in 
bringing  about  changes  in  the  earth’s  crust,  and  leading  to  the  formation  of 
various  rocks  and  minerals.  Geologists  earned  out  the  earliest  work  on  the 
hydrothermal  technique  in  the  19th  century  in  order  to  understand  the 
genesis  of  rocks  and  minerals  by  simulating  the  natural  conditions  existing 
under  the  earth  crust.  However,  materials  scientists  popularized  the  tech- 
nique, particularly  during  1940s.  Schafhautl  who  obtained  quartz  crystals 
upon  freshly  precipitated  silicic  acid  in  a papin’s  digestor  earned  out  the 
first  hydrothermal  synthesis  in  1845.  Subsequently,  hydrothermal  synthe- 
sis of  a wide  variety  of  minerals  was  carried  out,  especially  in  Europe. 

The  largest-known  single  crystal  formed  in  nature  (beryl  crystal  of 
> 1 000  kg)  and  some  of  the  largest  quantities  of  single  crystals  created  in  one 
experimental  run  (quartz  crystals  of  >1000  kg)  are  both  of  hydrothermal 
origin. 

The  first  successful  commercial  application  of  hydrothermal  tech- 
nology began  with  mineral  extraction  or  ore  beneficiation  in  the  19th 
century.  With  the  beginning  of  the  synthesis  of  large  single  crystals  of 
quartz  by  Nacken  (1946)  and  zeolites  by  Barrel'  (1948),  the  commercial 
importance  of  the  hydrothermal  technique  for  the  synthesis  of  inorganic 
compounds  was  realized 
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The  general  acceptance  of  plate  tectonics  theory  some  2 Vi  decades 
ago  garnered  much  interest  in  geochemical  processes  at  plate  boundaries 
which  led  to  the  discovery  of  hydrothermal  activity  in  the  deep  sea  directly 
on  the  Galapagos  Spreading  Center  in  1977  and  a large  number  of  other 
spectacular  submarine  hydrothermal  systems  of  global  significance  to 
ocean  chemistry  and  geochemistry.  In  fact,  this  discovery  has  led  to  a new 
thinking  in  marine  biology,  geochemistry  and  in  economic  geology,  and 
has  spawned  an  entirely  new  term,  viz.,  hydrothermal  ecosystems,  which 
means  water-containing  terrestrial,  subterranean,  and  submarine  high 
temperature  environments,  which  are  the  sites  of  investigations  for  many 
palaeobiologists  and  biologists  looking  for  primitive  forms  of  life.  It  is 
strongly  believed  that  the  roots  of  life  on  earth  can  be  found  in  hydrothermal 
ecosystems.  These  ecosystems  may  also  serve  as  an  analog  for  the  possible 
origin  of  life  on  Mars,  where  a similar-  environment  might  have  existed  or 
still  exists. 

Earth  is  a blue  planet  of  the  universe  where  water  is  an  essential 
component.  Circulation  of  water  and  other  components  such  as  entropy 
(energy)  are  driven  by  water  vapor  and  heat  (either  external  or  internal). 
Water  has  a very  important  role  in  the  formation  of  material  or  transforma- 
tion of  materials  in  nature,  and  hydrothermal  circulation  has  always  been 
assisted  by  bacterial  activity. 

From  mid-1970s,  exploration  of  the  advantages  of  hydrothermal 
reactions,  other  than  the  hydrometallurgical  and  crystal  growth  aspects, 
began  in  Japan,  particularly  with  reference  to  the  ceramic  powder  process- 
ing. A team  of  researchers  from  the  Tokyo  Institute  of  Technology,  Japan, 
did  pioneering  work  in  ceramic  processing  such  as  powder  preparation, 
reaction  sintering,  hot  isostatic  processing,  and  so  on. 

In  the  last  decade,  the  hydrothermal  technique  has  offered  several 
new  advantages  like  homogeneous  precipitation  using  metal  chelates  under 
hydrothermal  conditions,  decomposition  of  hazardous  and/or  refractory 
chemical  substances,  monomerization  of  high  polymers  like  polyethylene 
terephthalate,  and  a host  of  other  environmental  engineering  and  chemical 
engineering  issues  dealing  with  recycling  of  rubbers  and  plastics  (instead 
of  burning),  and  so  on.  The  solvation  properties  of  supercritical  solvents  are 
being  extensively  used  for  detoxifying  organic  and  pharmaceutical  wastes 
and  also  to  replace  toxic  solvents  commonly  used  for  chemical  synthesis. 
Similarly,  it  is  used  to  remove  caffeine  and  other  food-related  compounds 
selectively.  In  fact,  the  food  and  nutrition  experts  in  recent  years  are  using 
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a new  term,  hydrothermal  cooking.  These  unique  properties  take  the 
hydrothermal  technique  altogether  in  a new  direction  for  the  21st  century 
and  one  can  forecast  a slow  emergence  of  a new  branch  of  science  and 
technology  for  sustained  human  development.  We  have  collected  a more- 
or-less  complete  list  of  publications  in  hydrothermal  technology  and 
provided  the  statistical  data  to  show  the  growing  popularity  of  the  technique 
(Figures  1.10-1.12).  The  main  disadvantage  of  the  hydrothermal  system, 
as  believed  earlier,  is  the  black-box  nature  of  the  apparatus,  because  one 
cannot  observe  directly  the  crystallization  processes.  Flowever,  in  the 
recent  years,  remarkable  progress  has  been  made  in  this  area  through  the 
entry  of  physical  chemists,  and  the  modeling  of  the  hydrothermal  reactions 
and  the  study  of  kinetics  of  the  hydrothermal  processes,  which  have 
contributed  greatly  to  the  understanding  of  the  hydrothermal  technique. 
One  can  understand  the  hydrothermal  chemistry  of  the  solutions  more  or 
less  precisely,  which  provides  a solid  base  for  designing  hydrothermal 
synthesis  and  processing  at  much  lower  pressure  and  temperature  condi- 
tions. The  hydrothermal  technique  exhibits  a great  degree  of  flexibility, 
which  is  being  rightly  exploited  by  a large  scientific  community  with 
diversified  interests.  Flydrothermal  processing  has  become  a most  power- 
ful tool,  in  the  last  decade,  for  transforming  various  inorganic  compounds 
and  treating  raw  materials  for  technological  applications. 

Today,  the  hydrothermal  technique  has  found  its  place  in  several 
branches  of  science  and  technology,  and  this  has  led  to  the  appearance  of 
several  related  techniques,  with  strong  roots  to  the  hydrothermal  technique, 
involving  materials  scientists,  earth  scientists,  materials  engineers,  metal- 
lurgists, physicists,  chemists,  biologists,  and  others.  Thus,  the  importance 
of  hydrothermal  technology  from  geology  to  technology  has  been  realized. 
In  view  of  such  a rapid  growth  of  the  hydrothermal  technique,  it  is  becoming 
imperative  to  have  a highly  specialized  book  on  this  topic.  There  are 
thousands  of  articles  and  reviews  published  on  the  various  aspects  of 
science  of  hydrothermal  research  but,  so  far,  the  most  comprehensive 
works  on  this  topic  were  limited  to  reviews  and  edited  books,  and  there  is 
not  even  a single  monograph  or  book  available. 

The  first  author.  Dr.  K.  Byrappa,  edited  a book  entitledHydrother- 
mal  Growth  of  Crystals  in  1990  for  Pergamon  Press,  Oxford,  UK.  During 
early  1995,  the  authors  conceived  an  idea  of  writing  this  handbook  and 
began  collecting  old  records  from  various  sources.  The  writing  of  this 
handbook  started  in  1997.  In  this  handbook,  we  have  dealt  with  all  the 
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aspects  of  hydrothermal  research  covering  historical  development,  natural 
hydrothermal  systems,  instrumentation,  physical  chemistry  of  hydrother- 
mal growth  of  crystals,  growth  of  some  selected  crystals  like  quartz, 
berlinite,  KTP,  calcite,  and  hydrothermal  synthesis  of  a host  of  inorganic 
compounds  like  zeolites,  complex  coordinated  compounds  (silicates, 
germanates,  phosphates,  tungstates,  molybdates,  etc)  and  simple  oxides, 
native  elements,  and  the  hydrothermal  processing  of  materials  with  an 
emphasis  on  future  trends  of  hydrothermal  technology  in  the  21st  century. 

Many  publications  on  hydrothermal  research,  especially  in  the 
Russian  journals,  were  not  easily  accessible  to  us.  Our  Russian  colleagues 
in  the  field  of  hydrothermal  research  extended  great  cooperation  in  this 
regaid.  Especially,  the  help  rendered  by  Dr.  L.  N.  Demianets,  Dr.  V.  I. 
Popolitov  and  Dr.  O.  V.  Dimitrova  is  highly  appreciated.  The  authors  are 
very  grateful  for  the  help  and  encouragement  extended  by  the  senior  people 
in  this  field  like  Prof.  Shigeyuki  Somiya  (Professor  Emeritus),  Prof.  N. 
Yamasaki  (Tohoku  University,  Japan),  late  Dr.  Bob  Laudise  (AT  & T Bell 
Labs.),  Prof.  Rustorn  Roy  (Penn  State  University),  Prof.  C.  N.  R.  Rao 
(Director,  JNCASR),  Prof.  R.  Chidambaram  (Chairman,  Atomic  Energy 
Commission,  India),  Dr.  B.  P.  Radhakrishna  (former  Director,  Dept,  of 
Mines  & Geology),  late  Prof.  J.  A.  Rabenau  (Max-Planck  Institute  of 
Physics,  Stuttgart),  Prof.  Ichiro  Sunagawa,  Prof.  J.  A.  Pask,  Prof.  Paul 
Hagenmuller,  Prof.  H.  L.  Baines,  late  Prof.  Saito  Shinroku,  and  Prof. 
Toshiyuki  Sata.  Both  Prof.  Somiya  and  Prof.  Y amasaki  spent  several  hours 
with  the  authors  and  provided  fruitful  discussion.  Their  suggestions  and 
comments  have  been  included  in  this  book.  We  would  like  to  extend  our 
special  thanks  to  the  most  active  hydrothermal  researchers  of  the  present 
day,  like  Prof.  S.  Hirano,  Prof.  M.  Hosaka,  Prof.  K.  Yanagisawa,  Prof.  T. 
Moriyoshi  (Director,  RIST,  Takamatsu),  Prof.  S.  Komarneni,  Prof.  R.  E. 
Riman,  Dr.  Don  Palmer,  Dr.  Dave  Wesolowski,  Dr.  S.  Taki,  Prof.  K.  Arai, 
Prof.  T.  B.  Brill,  Prof.  T.  M.  Seeward,  Prof.  Yuri  Gogosti,  Prof.  K.  Bowen, 
Prof.  David  A Payne,  Prof.  Fred  F.  Lange,  and  Prof.  Fathi  Habashi,  who 
have  helped  us  by  providing  their  results  and  data  for  inclusion  in  this  book. 
Our  colleagues  at  the  Tokyo  Institute  of  Technology,  like  Prof.  Masato 
Kakihana,  Prof.  Nabuo  Ishizawa,  Prof.  Eiichi  Y asuda,  Prof.  Akira  Sawaoka, 
Prof.  Masatomo  Yashima,  Prof.  Yasuo  Tanabe,  Prof.  Masanori  Abe,  Prof. 
Kazunari  Domen,  and  Prof.  Kiyoshi  Okada,  extended  great  cooperation  in 
our  task.  Other  Japanese  friends,  like  Dr.  Yasuro  Ikuma,  Prof.  Tsugio  Sato, 
Prof.  Koji  Kajiyoshi,  Dr.  Atsuo  Ito,  Dr.  E.  H.  Ishida,  Prof.  Zenbee  Nakagawa, 
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Prof.  Yusuke  Moriyoshi,  Prof.  Yasumichi  Matsumoto,  Prof.  Tadashi 
Ohachi  (Doshisha  University,  Kyoto),  Dr.  Kohei  Soga  (Tokyo  University), 
Prof.  Toshio  Yamaguchi  and  a host  of  other  friends  in  the  field  of 
hydrothermal  research,  have  helped  us  extensively  in  completing  this  great 
work.  We  would  like  to  express  our  sincere  thanks  to  our  friends  and 
colleagues  from  India  (late  Prof.  M.  N.  Vishwanathiah,  late  Prof.  B.  V. 
Govindarajulu,  Prof.  J.  A.  K.  Tareen,  Prof.  D.  D.  Bhawalkar,  Dr.  Krishan 
Lai,  Dr.  R.  V.  Anantha  Murthy,  Prof.  A.  B.  Kulkarni,  Prof.  T.  R.  N.  Kutty, 
Prof.  P.  N.  Satish,  Dr.  B.  Basavalingu,  Prof.  H.  L.  Bhat,  Dr.  K.  M.  Lokanath 
Rai,  and  Dr.  M.  A.  Shankara),  Russia  (Prof.  V.  S.  Balitsky,  Prof.  V.  A. 
Kuznetsov,  Prof.  D.  Yu  Pushcharovsky,  Dr.  Oleg  Karpov,  Dr.  G.  I. 
Dorokhova,  and  Dr.  E.  Strelkhova),  Korea  (Prof.  Choy  Jin-ho  and  Prof.  Z. 
H.  Lee),  Spain  (Prof.  Rafael  Rodriguez  Clemente,  and  Prof.  Salvador  Gali), 
Poland  (Prof.  Keshra  Sangwal),  and  China  (Prof.  Shen-tai  Song,  Prof.  Y- 
T.  Qian,  and  Prof.  S.  Feng),  who  were  a great  source  of  inspiration  and  help 
while  writing  this  book.  Here,  it  is  extremely  difficult  to  list  all  the  names 
of  the  students,  post-docs  and  research  associates  from  our  groups  who 
have  helped  us  greatly.  Among  them,  the  help  rendered  by  Mr.  B.  V.  Suresh 
Kumar,  Mrs.  B.  Nirmala,  Mr.  J.  R.  Paramesha,  Mr.  Dinesh,  Dr.  W. 
Suchanek,  and  Dr.  S.  Srikanta  Swamy  is  greatly  appreciated.  Miss  S. 
Vidya,  secretary  of  Prof.  K.  Byrappa,  typed  the  manuscript.  Mr.  Murruli  of 
Microsystems,  Mysore,  did  the  scanning  of  drawings,  figures  and  photo- 
graphs. The  manuscript  was  read  and  corrected  for  typographical  errors  and 
English  usage  by  Dr.  K.  T.  Sunitha,  Chair,  Dept,  of  English,  Univ.  of 
Mysore,  India  (wife  of  Prof.  K.  Byrappa),  and  Miss  Shobha  M.  Gowda, 
Lecturer  in  English,  University  of  Mysore  (currently  in  the  McGill  Univer- 
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Hydrothermal 
Technology — Principles 
and  Applications 


1.1  INTRODUCTION 

The  hydrothermal  technique  has  been  most  popular,  garnering 
interest  from  scientists  and  technologists  of  different  disciplines,  particu- 
larly in  the  last  fifteen  years.  The  term  hydrothermal  is  purely  of  geologi- 
cal origin.  It  was  first  used  by  the  British  Geologist,  Sir  Roderick  Murchison 
(1792-1871),  to  describe  the  action  of  water  at  elevated  temperature  and 
pressure  in  bringing  about  changes  in  the  earth’s  crust  leading  to  the 
formation  of  various  rocks  and  minerals. A majority  of  the  minerals 
formed  in  the  postmagmatic  and  metasomatic  stages  in  the  presence  of 
water  at  elevated  pressure  and  temperature  conditions  are  said  to  be  “of 
hydrothermal  origin.”  This  covers  a vast  number  of  mineral  species  including 
ore  deposits.  It  is  well  known  that  the  largest  single  crystal  formed  in  nature 
(beryl  crystal  of  >1000  gm)  and  some  of  the  largest  quantities  of  single 
crystals  created  by  man  in  one  experimental  run  (quartz  crystals  of  several 
100’s  of  gm)  are  both  of  hydrothermal  origin. 
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An  understanding  of  the  mineral  formation  in  nature  under  elevated 
pressure  and  temperature  conditions  in  the  presence  of  water  led  to  the 
development  of  the  hydrothermal  technique.  It  was  successfully  adopted  by 
Schafthaul  (1845)  to  obtain  quartz  crystals  upon  transformation  of  freshly 
precipitated  silicic  acid  in  Papin’s  digestor. PI  Thus,  the  hydrothermal  tech- 
nique became  a very  popular  means  to  simulate  the  natural  conditions 
existing  under  the  earth’s  crust  and  synthesizing  them  in  the  laboratory. 
These  studies  dealing  with  laboratory  simulations  have  helped  the  earth 
scientists  to  determine  complex  geological  processes  of  the  formation  of 
rocks,  minerals,  and  ore  deposits.  As  the  subject  became  more  and  more 
popular  among  geologists,  new  branches  of  geology  emerged  as  “Experimen- 
tal Mineralogy”  and  “Experimental  Petrology.” 

The  first  successful  commercial  application  of  hydrothermal  tech- 
nology began  with  mineral  extraction  or  ore  beneficiation  in  the  previous 
century.  The  use  of  sodium  hydroxide  to  leach  bauxite  was  invented  in 
1892  by  Karl  Josef  Bayer  (1871-1908)  as  a process  for  obtaining  pure 
aluminum  hydroxide  which  can  be  converted  to  pure  AL,03  suitable  for 
processing  to  metal.  IN  Even  today,  over  90  million  tons  of  bauxite  ore  is 
treated  annually  by  this  process. 01  Similarly,  ilmenite,  wolframite,  cas- 
siterite,  laterites,  a host  of  uranium  ores,  sulphides  of  gold,  copper,  nickel, 
zinc,  arsenic,  antimony,  and  so  on,  are  treated  by  this  process  to  extract  the 
metal.  The  principle  involved  is  quite  simple,  very  effective,  and  inexpen- 
sive, as  shown  below,  for  example. 

Al(OH)3  + OH-  ->  [A10(0H)2]-  + H20 

AlOOH  + OH-  -»  [A10(0H)2] 

The  above  process  is  easy  to  achieve  and  the  leaching  can  be  carried  out  in 
a few  minutes  at  about  330°C  and  25,000  kPaJ51 

Further  importance  of  the  hydrothermal  technique  for  the  synthe- 
sis of  inorganic  compounds  in  a commercial  way  was  realized  soon  after 
the  synthesis  of  large  single  crystals  of  quartz  by  Nacken  (1946)  and 
zeolites  by  Barrer  (1948)  during  late  1930s  and  1940s,  respectively.16117! 
The  sudden  demand  for  the  large  size  quartz  crystals  during  World  War  II 
forced  many  laboratories  in  Europe  and  North  America  to  grow  large  size 
crystals.  Subsequently,  the  first  synthesis  of  zeolite  that  did  not  have  a 
natural  counterpart  was  earned  out  by  Barrer  in  (1948)  and  this  opened 
altogether  a new  field  of  science,  viz.,  molecular  sieve  technology. The 
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success  in  the  growth  of  quartz  crystals  has  provided  further  stimuli  for 
hydrothermal  crystal  growth.!91 

Today,  the  hydrothermal  technique  has  found  its  place  in  several 
branches  of  science  and  technology,  and  this  has  led  to  the  appearance  of 
several  related  techniques  with  strong  roots  attached  to  the  hydrothermal 
technique.  So  we  have  hydrothermal  synthesis,  hydrothermal  growth, 
hydrothermal  alteration,  hydrothermal  treatment,  hydrothermal  metamor- 
phism, hydrothermal  dehydration,  hydrothermal  decomposition,  hydro- 
thermal  extraction,  hydrothermal  sintering,  hydrothermal  reaction  sinter- 
ing, hydrothermal  phase  equilibria,  hydrothermal  electrochemical  reac- 
tion, and  so  on,  which  involve  materials  scientists,  earth  scientists,  mate- 
rials engineers,  metallurgists,  physicists,  chemists,  biologists,  and  others. 
Although  the  technique  has  attained  its  present  high  status,  it  has  passed 
through  several  ups  and  downs  owing  to  the  lack  of  proper  knowledge 
pertaining  to  the  actual  principles  involved  in  the  process.  Hence,  the 
success  of  the  hydrothermal  technique  can  be  largely  attributed  to  the 
rapid  advances  in  the  apparatus  involved  (new  apparatus  designed  and 
fabricated)  in  hydrothermal  research,  and  also  to  the  entry  of  a large 
number  of  physical  chemists,  who  have  contributed  greatly  to  the  under- 
standing of  hydrothermal  chemistry.!101  Further,  the  modeling  and  intelli- 
gent engineering  of  the  hydrothermal  processes  have  also  greatly  en- 
hanced our  knowledge  in  the  field  of  hydrothermal  research.!1  hi12! 

In  recent  years,  with  the  increasing  awareness  of  both  environ- 
mental safety  and  the  need  for  optimal  energy  utilization,  there  is  a case 
for  the  development  of  nonhazardous  materials.  These  materials  should 
not  only  be  compatible  with  human  life  but  also  with  other  living  forms  or 
species.  Also,  processing  methods  such  as  fabrication,  manipulation, 
treatment,  reuse,  and  recycling  of  waste  materials  should  be  environmen- 
tally friendly.  In  this  respect,  the  hydrothermal  technique  occupies  a 
unique  place  in  modern  science  and  technology.  The  rapid  development  in 
the  field  of  hydrothermal  research  in  the  last  fifteen  years,  or  so,  motivated 
the  present  authors  to  bring  out  this  handbook  covering  almost  all  aspects 
of  hydrothermal  research.  Although  there  is  a growing  interest  among 
scientists  from  various  branches  of  science,  at  the  moment  there  are  no 
books  or  monographs  available  in  the  field  of  hydrothermal  technology. 
Most  of  the  major  works,  even  by  the  pioneers  in  this  field,  have  been 
confined  to  reviews  and  edited  books.  Table  1.1  lists  important  reviews 
and  edited  books  in  the  field  of  hydrothermal  research. 
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Table  1.1.  List  of  the  Books  and  Reviews  in  the  Field  of  Flydrothermal 
Research 


BOOKS 


SI.  No.  Author 

Title 

Publishers 

1. 

Labachev,  A.  N.  (ed.) 

Hydrodrothermal  Synthesis  of 
Crystals 

Nauka,  Moscow 
(1971) 

2. 

Ulmer,  G.  C.  (ed.) 

Research  Techniques  for  High 
Pressure  and 
High  Temperature 

Springer-Verlag, 
New  York  (1971) 

3. 

Labachev,  A.  N.  (ed.) 

Crystallization  Processes  under 
Hydrothermal  Conditions 

Consultants  Bureau, 
New  York  (1973) 

4. 

Ikomikova,  N.  Yu 

Hydrothermal  Synthesis  of  Crystals 
in  Chloride  Systems 

Nauka.  Moscow 
(1975) 

5. 

Kuzmina,  I.  P.  and 
Khaidukov,  N.  M. 

Crystal  Growth  from  High 
Temperature  Aqueous  Solutions 

Nauka,  Moscow 
(1977) 

6. 

Demianets,  L.  N., 
Labachev,  A.  N., 

& Emelechenko,  G.  A. 

Germanates  of  Rare  Earth  Elements 

Nauka,  Moscow 
(1980) 

7. 

David  T.  Rickard 
Frans  E.  Wickman  (ed.) 

Chemistry  and  Geochemistry  of 
Solutions  at  High  Temperature 
and  Pressure 

Pergamon,  New  York 
(1981) 

8. 

Somiya.  S.  (ed.) 

Proc.  1st  Int.  Symp.  Hydrothermal 
Reactions 

Japan  (1982) 

9. 

Litvin,  B.  N.  and 
Popolotov,  V.  I. 

Hydrothermal  Synthesis 
Inorganic  Compounds 

Nauka,  Moscow 
(1984) 

10. 

Popolitov,  V.  I.  and 
Litvin,  B.  N. 
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1.2  DEFINITION 

In  spite  of  the  fact  that  the  hydrothermal  technique  has  made 
tremendous  progress,  there  is  no  unanimity  about  its  definition.  The  term 
hydrothermal  usually  refers  to  any  heterogeneous  reaction  in  the  presence 
of  aqueous  solvents  or  mineralizers  under  high  pressure  and  temperature 
conditions  to  dissolve  and  recrystallize  (recover)  materials  that  are  rela- 
tively insoluble  under  ordinary  conditions.  Morey  and  Niggli  (1913) 
defined  hydrothermal  synthesis  as  “...in  the  hydrothermal  method  the 
components  are  subjected  to  the  action  of  water,  at  temperatures  generally 
near  though  often  considerably  above  the  critical  temperature  of  water 
(~370°C)  in  closed  bombs,  and  therefore,  under  the  corresponding  high 
pressures  developed  by  such  solutions.”!13]  According  to  Laudise  (1970), 
hydrothermal  growth  means  growth  from  aqueous  solution  at  ambient  or 
near-ambient  conditions.114]  Rabenau  (1985)  defined  hydrothermal  syn- 
thesis as  the  heterogeneous  reactions  in  aqueous  media  above  100°C  and  1 
bar.115]  Lobachev  (1973)  defined  it  as  a group  of  methods  in  which 
crystallization  is  earned  out  from  superheated  aqueous  solutions  at  high 
pressures.116]  Roy  (1994)  declares  that  hydrothermal  synthesis  involves 
water  as  a catalyst  and  occasionally  as  a component  of  solid  phases  in  the 
synthesis  at  elevated  temperature  (>100°C)  and  pressure  (greater  than  a 
few  atmospheres).117]  Byrappa  (1992)  defines  hydrothermal  synthesis  as 
any  heterogenous  reaction  in  an  aqueous  media  canned  out  above  room 
temperature  and  at  pressure  greater  than  1 atm.1 181  Yoshimura  (1994) 
proposed  the  following  definition:  reactions  occurring  under  the  condi- 
tions of  high-temperature-high-pressure  (>100°C,  >1  atm)  in  aqueous 
solutions  in  a closed  system.119] 

The  above  definitions  hold  good  for  materials  synthesis,  metal 
leaching  and  treatment  of  waste  materials.  However,  there  is  no  definite 
lower  limit  for  the  pressure  and  temperature  conditions.  The  majority  of 
the  authors  fix  the  hydrothermal  synthesis,  for  example,  at  above  100°C 
temperature  and  above  1 atm.  But,  with  the  vast  number  of  publications 
under  mild  hydrothermal  conditions  in  recent  years,  we  propose  to  define 
hydrothermal  reaction  as  “any  heterogenous  chemical  reaction  in  the 
presence  of  a solvent  (whether  aqueous  or  nonaqueous)  above  room 
temperature  and  at  pressure  greater  than  1 atm  in  a closed  system.”  In 
addition  to  this  non-unanimity,  there  is  also  a lot  of  confusion  with  regard 
to  the  very  usage  of  the  term  hydrothermal.  For  example,  chemists  prefer 
to  use  a broader  term,  viz.,  solvothermal,  meaning  any  chemical  reaction 
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in  the  presence  of  a solvent  in  supercritical  or  near  supercritical  conditions.1201 
However,  this  term  has  been  introduced  recently,  and  in  fact,  the  early  work 
in  this  direction  was  carried  out  by  geologists  using  CCL.121  Japan  has  already 
organized  two  International  Conferences  and  one  International  Workshop  on 
Solvothermal  Reactions. I22H24]  The  third  International  Conference  on 
Solvothermal  Reactions  was  held  in  July  1999  in  Bourdeaux,  France. 
Similarly,  there  are  several  other  terms  like  glycothermal,  alcothermal, 
ammonothermal,  and  so  on,  depending  upon  the  type  of  solvent  used  in  such 
chemical  reactions.  However,  the  puipose  behind  using  these  different 
solvents  in  the  chemical  reactions  is  essentially  to  bring  down  the  pressure- 
temperature  conditions.  In  this  context,  Yoshimura  has  proposed  a new  term, 
soft  solution  processing,  for  processes  in  which  the  pressure  and  tempera- 
ture conditions  reach  near  or  just  above  ambient  conditions. [25i  Though  this 
term  has  a broader  meaning,  it  covers  only  a portion  of  the  hydrothermal 
research  and  refers  mainly  to  any  solution  processing  at  or  near  the  ambient 
conditions.  Thus,  in  the  present  book,  the  authors  retain  a broader  term, 
hydrothermal , throughout  the  text  and  use  other  terms  only  when  such 
occasion  arises. 

As  mentioned  above,  under  hydrothermal  conditions,  the  reac- 
tants which  are  otherwise  difficult  to  dissolve  go  into  solution  as 
complexes  under  the  action  of  mineralizers  or  solvents,  Hence,  one  can 
expect  the  conditions  of  chemical  transport  reactions.  Therefore,  some 
workers  even  define  hydrothermal  reactions  as  special  cases  of  chemi- 
cal transport  reactions.  Owing  to  the  specific  physical  properties,  particu- 
larly the  high  solvation  power,  high  compressibility,  and  mass  transport  of 
these  solvents,  one  can  also  expect  the  occurrence  of  different  types  of 
reactions  like: 

i.  Synthesis  of  new  phases  or  stabilization  of  new 
complexes. 

ii.  Crystal  growth  of  several  inorganic  compounds. 

Hi.  Preparation  of  finely  divided  materials  and 
microcrystallites  with  well-defined  size  and 
morphology  for  specific  applications. 

iv.  Leaching  of  ores  in  metal  extraction. 

v.  Decomposition,  alteration,  corrosion,  etching. 
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1.3  MINERALIZERS 

In  any  hydrothermal  system  or  reaction  confined  to  any  one  of  the 
processes  described  in  Sec.  1 of  this  chapter,  the  role  played  by  the  solvent 
under  the  action  of  temperature  and  pressure  is  very  important.  It  has  been 
interpreted  in  various  ways  by  many  workers.  Recently  Yoshimura  and 
Suda  (1994)  have  described  these  processes  to  understand  the  action  of 
solvent,  for  example,  water  on  solid  substances  under  elevated  pressure 
and  temperature  conditions.1 191  This  process  is  represented  in  Table  1.2. 

Through  proper  interpretation  of  the  above  listed  processes,  one 
can  easily  develop  a required  hydrothermal  process  corresponding  to  the 
material  synthesis  or  crystal  growth  or  materials  process  using  a suitable 
solvent  to  increase  the  solubility  of  the  desired  compound.  Water  is  the 
most  important  solvent  and  it  was  popularly  used  as  a hydrothermal 
mineralizer  in  all  the  earlier  experiments.  However,  several  compounds 
do  not  show  high  solubility  for  water  even  at  supercritical  temperature, 
and  hence  the  size  of  the  crystals  or  minerals  obtained  in  all  the  early 
hydrothermal  experiments  of  the  19th  century  did  not  exceed  thousandths 
or  hundredths  of  a millimeter.  Therefore,  the  search  for  other  suitable 
mineralizers  began  in  the  19th  century  itself.  A variety  of  aqueous  and 
nonaqueous  solutions  were  tried  to  suit  the  preparation  of  a particular 
compound.  The  selection  of  the  mineralizers  and  their  role  in  hydrother- 
mal systems  with  suitable  examples  are  discussed  in  great  detail  in  Ch.  3. 
The  knowledge  acquired  through  the  use  of  several  new  mineralizers  has 
helped  to  implement  this  hydrothermal  technique  as  an  effective  one  in 
preparative  chemistry.  Table  1.3  shows  the  use  of  hydrothermal  process- 
ing in  various  fields  of  materials  synthesis,  crystal  growth,  and  materials 
processing.! 19]  Before  going  into  the  details  of  this,  it  is  appropriate  to 
discuss  the  natural  hydrothermal  systems. 


1.4  NATURAL  HYDROTHERMAL  SYSTEMS 

The  beginning  of  hydrothermal  research  is  firmly  associated  with 
the  study  of  the  natural  systems  by  earth  scientists,  who  were  interested  in 
understanding  the  genesis  of  various  rocks,  minerals  and  ore  deposits 
through  laboratory  simulations  of  the  conditions  existing  in  the  earth’s 
crust.  Therefore,  it  is  appropriate  to  discuss  briefly  the  research  on  natural 
hydrothermal  systems  and  its  contribution  to  the  development  of  this  field 
to  its  present  status.  Stalling  from  the  earliest  experiment  by  Schafthaul  in 
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1 845  on  the  synthesis  of  quartz,!2]  over  130  mineral  species  were  synthesized 
by  the  end  of  19th  century,  and  the  experiments  were  carried  out  on  various 
geological  phenomena  ranging  from  the  origin  of  ore  deposits  to  the  origin  of 
meteorites.  Today,  it  is  being  popularly  used  by  geologists  to  solve  several 
existing  problems  in  petrology,  geochemistry,  mineralogy,  ore  genesis,  and 
palaeontology.  The  impetus  for  the  experimental  investigations  during  the 
19th  century  was  provided  not  only  by  a desire  to  explain  geological 
phenomena,  but  also  by  greatly  improved  equipment  and  techniques  fostered 
by  industrial  revolution.  Such  investigations  helped  in  unraveling  the  hitherto 
unknown  natural  geological  processes  of  mineral  formation.  On  the  other 
hand,  it  helped  in  finding  uses  for  the  artificially  synthesized  single  crystals 
like  ruby,  emerald,  sapphire,  quartz,  and  diamond,  in  the  gemstone  industry. 


Table  1.2.  Action  of  Hydrothermal  Fluid  (High-Temperature-High- 
Pressure  Aqueous  Solution/Vapor)  on  Solid  State  Materials 


Classified 

Action 

Application 

1 . Transfer  Medium 

Transfer  of  Kinetic  Energy, 
Heat  and  Pressure 
Forming,  etc. 

Erosion,  Machining 
Abrasion,  HIP 

2.  Adsorbate 

Adsorption/Desorption 
at  the  Surface 

Dispersion,  Surface 
Diffusion,  Catalyst, 
Crystallization, 
Sintering,  Ion 
Exchange,  etc. 

3.  Solvent 

Dissolution/Precipitation 

Synthesis,  Growth, 
Purification,  Extrac- 
tion, Modification, 
Degradation,  Etching, 
Corrosion,  etc. 

4.  Reactant 

Reaction 

Formation/Decom- 
position (hydrates, 
hydroxides,  oxides) 
corrosion,  etc. 
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Table  1.3.  Development  of  Hydrothermal  Processing 


1.  Crystal  Synthesis  and  Growth  : 

2.  Controlled  Fine  Crystals  : 

Composition,  Size,  Shape 

3.  Crystallized  Thin/Thick  Films  : 

4.  Etching,  Corrosion  : 

5.  Polishing,  Machining  : 

6.  Combined  with  Electrical,  : 
Photo-,  Radio-  & Mechano- 
Processing 

7.  Organic  and  Biomaterials  ' 

8.  Non-aqueous  Solution  f 

9.  Continuous  system 


Oxide,  Sulfide, Fluoride.. .(1978  ~) 

PZT,  Zr02,  BaTi03,  HAp,  ferrite 
(1978  ~)  ~ 

BaTi03,  SrTi03,  LiNb03  (1989  ~) 
Oxide,  Nitride,  Carbide 
Oxide,  Nitride,  Carbide 
Synthesis,  Modification,  Coating 

Hydrolysis,  Extraction 
Polymerization,  Synthesis, 
Decomposition,  Wet  Combustion 


In  order  to  understand  the  formation  of  several  ore  deposits 
including  that  of  nobel  metals,  it  is  necessary  to  discern  the  physico- 
chemical conditions  which  govern  the  transport  and  precipitation  mecha- 
nisms of  these  metals  in  hydrothermal  solutions.  Several  thermodynamic 
models  have  been  proposed  to  explain  these  mechanisms  in  nature. 
Relatively  much  is  known,  for  example,  about  the  hydrothermal  chemis- 
try of  gold.[2T|[28l  Similarly,  the  behavior  of  common  rock-forming 
minerals  in  a variety  of  electrolytic  solutions  has  been  studied  in  detail. 
Here,  the  authors  present  only  the  salient  features  of  these  works  to 
provide  the  background  for  the  hydrothermal  technique  since  the  main 
theme  of  this  handbook  is  on  crystal  growth  and  materials  processing. 
Besides,  a quantitative  model  of  the  transport  and  deposition  mechanisms 
is  still  impeded  by  a dearth  of  reliable  high  temperature  and  pressure, 
experimentally  based,  thermodynamic  data.  However,  there  is  some 
remarkable  progress  made  in  this  direction,  thanks  to  the  advances  in  the 
thermodynamic  modeling,  the  direct  sampling  and  analyses  of  the  natural 
geothermal  systems,  their  extinct  analogues,  epithermal  ore  deposits,  and 
other  geologic  environments,  primarily  by  analyses  of  fluid  inclusions. [29] 
Therefore,  an  understanding  of  the  mineral-water  reaction  kinetics  is  essen- 
tial to  quantifying  the  behavior  of  natural  and  engineered  earth  systems. 
Although,  several  studies  have  been  carried  out  on  the  behavior  of  most 
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hydrothermal  systems,  the  predictions  based  upon  rates  from  deionized 
water  are  unlikely  to  be  representative  of  processes  occurring  in  complex 
fluids  of  natural  systems  which  contain  numerous  dissolved  ions.  These 
constituents  have  both  significant  rate-inhibiting  and  enhancing  effects  on 
behavior,  even  when  present  in  very  small  quantity. [3°][3  i] 

In  nature,  the  most  common  minerals  in  soils  and  rocks  are  generally 
in  contact  with  water  at  a wide  pH  range.  In  extreme  cases,  the  pH  can  be 
nearly  2 in  the  presence  of  sulfides,  which  oxidizes  to  give  H9S04,  and  as  high 
as  10  in  the  presence  of  alkaline  salts  like  Na2C03.  Here,  the  authors  briefly 
discuss  the  gold  deposition  in  hydrothermal  ore  solutions.  In  this  case,  the 
major  role  is  played  by  the  chloride  and  sulphur-containing  ligands.13211331  The 
dominant  gold  complexing  ligands  are  usually  sulphide  species.  The  stability 
constants  for  gold(I)  chloride  complexes  (for  example,  at  250°C)  are  up  to 
twenty  orders  of  magnitude  smaller  than  those  of  Au(I)  hydrosulphide 
complexes  and,  therefore,  the  latter  predominates  in  nature  J36i  Despite  this 
observation,  the  stability  constants  for  Au(I)  hydrosulphide  complexes  under 
high  temperature  and  pressure  environments  are  not  yet  well  defined.  This  is 
particularly  true  for  the  low  pH  region  where  no  satisfactory  data  are 
available. 

Benning  and  Seward1331  have  proposed  three  sets  of  experimental 
conditions  of  pH  range  for  gold  deposition  in  nature: 

AU(S)  + H2S  + + H20  + H2  (gas)  pH  ~ 4 

Au(s)  + fhS  + NaHS  + H20  + H9  (gas)  pH  ~ neutral 

AU(S)  + H2S  + H3PO4  + H20  + H2  (gas)  pH  < 4 

The  solubility  of  gold  increases  with  increasing  temperature,  pH,  and 
total  dissolved  sulphur.  At  near  neutral  pH,  an  inverse  correlation  between 
solubility  and  pressure  has  been  observed,  whereas  in  acid  pH  solutions, 
above  150°C,  increase  in  pressure  increases  the  solubility.  The  equilibrium 
constants  for  the  uncharged  complex,  AuHS  show  that  this  species  plays  an 
important  role  in  the  transport  and  deposition  of  gold  in  ore  depositing 
environments,  which  are  characterized  by  low  pH  fluids. 

Recently  some  thermodynamic  modeling  in  the  chloride  systems 
Au-NaCl-H90  and  Au-NaCl-C09-H90  shows  that  the  gold  solubility 
decreases  in  the  presence  of  C09  due  to  decreasing  dielectric  permeability 
of  C02  bearing  solution)36!  This  model  has  been  experimentally  verified 
at  350°C  and  50  MPa  in  1 M KC1  + 0. 1 M HC1  solutions  in  the  presence  of 
3M  C02  and  without  C09.  It  was  found  that  the  gold  concentration  in 
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chloride  CO,-bearing  solutions  is  one  order  lower  in  magnitude  than  in 
systems  without  CO-,.  Similarly,  the  silver  bearing  systems  show  distinct 
influence  of  CO,  in  comparison  with  gold  system.  CO,  has  negative  solubility 
effect  on  gold  and  silver  crystallization  and  CO,  acts  as  a nonpolar  compo- 
nent of  crustal  fluids  in  the  crystallization  of  many  ore  deposits.  I37!  Thus,  the 
recent  hydrothermal  solution  speciation  (solvation  to  ion  pairing  and 
complexing)  study  has  greatly  contributed  to  the  knowledge  and  better 
understanding  of  various  geological  problems. 


1.5  THE  BEHAVIOR  OF  VOLATILES  AND  OTHER 

INCOMPATIBLE  COMPONENTS  UNDER 

HYDROTHERMAL  CONDITIONS 

The  physical  and  thermodynamic  properties  of  silicate  melts 
depend  upon  melt  structure.  The  structure  of  a melt  is  determined  by  both 
its  composition  and  the  ambient  conditions  and,  with  the  notable  excep- 
tion of  liquid  immiscibility,  may  vary  continuously  with  changes  in  these 
parameters.  The  structures  of  crystalline  silicates  vary  only  within  re- 
stricted limits.  As  a result,  variation  in  mineral-melt  equilibria  caused  by 
changes  in  either  compositions  or  external  parameters  may  very  well 
reflect  the  change  in  properties  of  the  melt  phase  to  a greater  extent  than 
those  of  the  crystalline  silicates. 

The  behavior  of  P205  is  complex.  Phosphorus  pentoxide  (P205) 
depolymerizes  pure  Si02  melts  by  entering  the  network  as  a fourfold 
coordinated  cation,  but  polymerizes  melts  in  which  an  additional  metal 
cation,  other  than  silicon,  is  present.  The  effect  of  this  polymerization  is 
apparent  in  the  widening  of  the  granite-ferrobasalt  two-liquid  solvus.  In 
this  complex  system,  P205  acts  to  increase  phase  separation  by  further 
enrichment  of  the  high  charge  density  cations  Ti,  Fe,  Mg,  and  Ca,  in  the 
ferrobasaltic  liquid.  Phosphorus  pentoxide  (P205)  also  produces  an  in- 
crease in  the  ferrobasalt-granite  REE  liquid  distribution  coefficients. 
These  distribution  coefficients  are  close  to  4 in  P205-free  melts,  but  close 
to  15  in  P,05-bearing  melts. 

Several  attempts  to  understand  the  internal  evolution  of  highly 
fractionated  pegmatites  focused  on  the  roles  of  H,0  and  other  compo- 
nents, especially  rare  alkalis,  B,  P,  F,  are  being  earned  out  from  time  to 
time.  Such  studies  yield  a great  amount  of  data  on  the  role  of  these  volatiles 
under  hydrothermal  conditions  and  also  distinguish  rare  earth  pegmatites 
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from  other  rocks.  [38][39]  These  volatiles  exert  a significant  control  on  fluid 
properties,  solidus  and  liquidus  temperatures. 

1.5.1  Water 

Water  is  an  important  constituent  of  any  hydrothermal  system.  It 
exhibits  unique  properties,  especially  under  supercritical  conditions.  These 
properties  have  been  exploited  appropriately  in  the  recent  years  to  disinte- 
grate toxic  organics,  and  recycle  or  treat  waste  materials.  In  nature,  also, 
water  plays  an  important  role  in  the  formation  of  various  rocks  and 
minerals  and  in  the  creation  of  life  (origin  of  life).  As  a component  of 
granitic  melts,  FF,0  depresses  solidus  and  liquidus  temperatures, 14(11141 ! 
lowers  melt  viscosities, I42H45]  and  promotes  coarse  grain  sized46! 

1.5.2  Fluorine  and  Chlorine 

Fluorine,  as  H20  lowers  solidus  and  liquidus  temperatures,  en- 
hances cation  diffusivities,  and  decreases  melt  viscosities. |47F49!  One 
important  difference  between  F and  H,0  is  that  the  DCF  vapor/melt  is  L 1 
in  metaluminous  and  peraluminous  granitic  bulk  compositions. [5°][5 i] 
Fluorine  decreases  the  solubility  of  the  melt14211531  so  that,  at  equal  fLO 
content  of  volatile-undersaturated  magma  at  the  same  pressure  and  tem- 
perature, FLO  is  higher  in  F-bearing  melts  than  in  F-absent  melt.  Metal- 
fluoride  complexing  in  aqueous  vapor  may  be  important  in  rare-metal 
transport  and  formation  of  hydrothermal  ores.1541155 

1.5.3  Boron 

The  pronounced  effects  of  boron  in  hydrous  silicate  melt  are  well 
known.  Boron  lowers  the  solidus,  and  it  increases  the  solubility  of  FLO  in 
silicate  melts.  Lewis  acid-base  properties  suggest  that  the  solubility  of 
FLO/mole  B,03  in  melts  should  increase  with  increasing  boron  content 
because  of  changes  in  B-0  coordination.  Boron  also  decreases  the  viscos- 
ity of  silicate  melts  presumably  through  melt  depolymerization  caused  by 
the  synergistic  network-modifying  effects  of  boron  and  water,  t56! 

In  silicate  melts,  boron  forms  two  common  oxyanions:  trigonal 
planar  B033"  and  tetrahedral  B045".  The  [B0457B033  ] ratio  increases  with 
melt  alkalinity, [57k58]  and  boron  content. [59!  Although  boron  exhibits 
strong  interaction  with  silicate  melt,  non-ideal  mixing  between  borate  and 
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silicate  melt  components  is  reflected  by  stable  liquid-liquid  or  metastable 
glass-glass  immiscibility  over  a wide  range  of  bulk  compositions  in  an 
hydrous  silicate  system. 16(11  The  miscibility  gap  between  metal-rich  borate 
and  essentially  pure  silica  liquids  increases  with  increasing  field  strengthof 
added  metal  cations,  with  a consequent  rise  in  the  consolute  temperature. 
Limited  experimental  evidence  also  indicates  that  the  solubilities  of  other  high 
charge-density  cations  (e.g.,  Group  IV  and  Group  V elements)  are  signifi- 
cantly higher  in  borosilicate  melts  than  in  simple  aluminosilicate  melts.161 1 

As  in  fluorine-bearing  systems,  the  addition  of  boron  to  silicate  melts 
leads  to  an  expansion  of  the  liquidus  field  of  quartz.  I62i  This  behavior  may 
reflect  removal  of  cations  from  coordination  with  Si044-  of  the  melt  frame- 
work, resulting  in  higher  Si09  through  increased  polymerization  of  Si044- 
tetrahedra.1631  Among  Group  I cations,  boron  has  a tendency  to  depress  the 
activities  of  the  higher  field-strength  ions.  The  increased  solubility  of  fflO  in 
borosilicate  melts  corresponds  to  a lower  H90  that  may  stem  from  direct 
hydrolysis  of  borate  oxyanions. 

1.5.4  Phosphorus 

Phosphorus  exhibits  limited  solubility  in  silicate  melt,i64k65l 
hence  the  addition  of  phosphorus  promotes  phosphate-silicate  liq- 
uid immiscibility.  The  phase  equilibria  data  in  the  systems:  Si09-P905, 
P905-Mx0y,  and  P205-Mx0y-Si09  show  that  phosphorus  has  an  affinity 
for  H,  and  it  increases  the  solubility  of  H90  in  silicate  melts,  possibly  by: 
P = O + H90  — > (HO)-P-(OH).i68i  Although  experimental  evidence  of  the 
interaction  of  phosphorus  with  other  Group  I elements  is  lacking,  the 
common  pegmatite  assemblage  LiAlP04  (OH,F)  + NaAlSi308  [rather 
than  NaAlP04(0H,F)  + LiAlSi906  + FI90]  suggests  that  P is  more  com- 
patible with  the  smaller,  more  acidic  cations  of  Group  I. 

1.5.5  Behavior  of  Alkalis 

The  zonation  of  rare  element  pegmatites  is  manifested  largely  by 
heterogeneous  distributions  of  alkali  aluminosilicates.  Theoretical  and 
experimental  investigations  of  the  interactions  of  Group  I elements  with 
aluminosilicate  melts  provide  a basis  for  understanding  the  zonation  of 
alkali  aluminosilicates  in  pegmatites. 
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Both  De  Jong  and  Brown  (1980),  and  Navrotsky,  et  al.  (1985), 
proposed  that  the  smaller  alkalis  Li  and  Na  should  exhibit  a greater 
tendency  to  destabilize  silicate  melts  than  K,  Rb,  and  CsJ53k6°] 

A number  of  salient  pegmatite  characteristics  can  be  explained  by  the 
effects  of  high  concentrations  of  boron,  fluorine,  and  phosphorus  on  phase 
equilibria  in  hydrous  aluminosilicate  melts. 

1.5.6  Crystallization  Temperatures 

Comparatively  high  concentrations  of  B,  P,  F,  and  Group  I 
elements  serve  to  depress  pegmatite  magma  liquid  to  approximately 
650°C  (within  the  stability  fields  of  petalite  or  spodumene),  and  solidus  to 
< 500°C.  The  low  liquidus  temperatures  permit  rare-element  pegmatite 
magmas  to  migrate  to  metamorphic  conditions  of  the  anadalusite-cordier- 
ite/staurolite  facies. |69||7°l  The  physical  migration  of  magma  may  be 
facilitated  also  by  the  lower  melt  viscosities  of  the  H20-,  B-,  and  F-rich 
pegmatite  system.  Because  of  the  low  temperature  interval  of  crystalliza- 
tion, however,  rare  element  pegmatite  magmas  may  experience  rapid 
increases  in  melt  viscosity  with  only  slight  cooling,  as  glass  transition 
temperatures  are  approached  (e.g.,  as  in  the  macusanite  analogue).  As  a 
result  of  increased  kinetic  barriers  to  crystallization,  internal  disequilib- 
rium may  prevail  (an  important  and  poorly  defined  parameter  in  pegmatite 
crystallization  is  the  rate  of  cooling,  but  evidence  from  wall-rock  studies 
indicates  that  rare  element  pegmatite  magmas  are  hosted  by  rocks  at 
temperature  < 500°C  (e.g.,  Morgan,  1 986). 171 1 Common  textural  features 
of  rare  element  pegmatites,  such  as  graphic  intergrowths  and  radial  or  banded 
fabrics,  can  be  interpreted  as  disequilibrium  phenomena  in  supercooled 
liquids  or  glasses  J72l  Experiments  with  dry  macusanite,  however,  present 
alternative  possibilities.  In  these  experiments,  pegmatitic  fabrics,  mineral 
assemblages,  and  zonation  have  been  generated  at  or  near  equilibrium 
conditions  with  high  concentrations  of  B,  P,  and  F but  low  water  content. 

Numerous  experimental  investigations  of  aqueous  systems  at 
high  temperature  and  pressure  have  been  undertaken  using  conductivity, 
potentiometric,  spectropho  tome  trie,  solubility,  PVT  and  calorimetric,  neu- 
tron diffraction,  EXAFS,  and  other  related  methods.  These  studies  yield  a 
vast  amount  of  information  on  cation-oxygen  pairing  and  their  increased  or 
decreased  distances  with  varying  temperature.  Likewise,  the  anion-water 
distances,  for  example,  as  in  the  case  of  iodide-oxygen  (water)  bond 
lengths,  indicate  that  the  solvation  shell  expands  slightly  with  increasing 
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temperature.  Similarly,  molecular  dynamics  simulation  studies  on  the  alkali 
metals  hydration  in  high  temperature  water  up  to  380°C  have  been  carried 
out  recently,  demonstrating  a small  expansion  of  the  first  hydration  shell 
around  chloride  with  increasing  temperature  More  or  less  complete  data 
is  available  on  the  formation  of  simple,  neutral  ion  pairs  for  dilute  alkali  metal 
halide  solutions  at  high-pressure/temperature  conditions.  However,  the 
understanding  of  the  formation  of  polynuclear  species  is  still  not  been  clearly 
understood.  Some  workers  have  studied  the  ion  pairing  and  cluster  formation 
in  a 1M  NaCl  solution  at  380°C  and  near-  critical  pressured74!  These  studies 
indicate  the  presence  of  simple  monocationic  ions  and  ion  pairs  together  with 
triple  ions  such  as  Na2Cl"  and  NaCl2"  as  well  as  the  Na2Cly  and  more 
complicated  polynuclear  species.  Similar  studies  on  other  solutions  are 
available  in  the  literature.  All  these  studies  have  greatly  contributed  to  the 
understanding  of  the  geochemical  system  wherein  the  metal-complexing  by 
other  ligands  is  the  most  important  aspect.  However,  there  is  a major  lack  of 
overall  experimental  data  pertaining  to  the  metal  complex  equilibria  in 
supercritical  aqueous  systems  as  well  as  in  binary  solvent  systems  such  as 
H20-C02.  Such  data  are  of  enormous  importance  to  the  understanding  of 
geochemistry  of  element  transport  by  hydrothermal  fluids  active  in  the 
earth’s  crust. 

In  the  last  couple  of  years,  a new  concept,  viz.,  geothermal 
reactor,  introduced  by  Japanese  workers  is  slowly  catching  the  attention 
of  hydrothermal  engineers.17711761  The  principles  of  geothermal  reactors 
include  the  direct  use  of  geothermal  energy  as  a heat  source  or  driving 
force  for  chemical  reactions.  It  helps  to  produce  hydrothermal  synthesis  of 
minerals  and  a host  of  inorganic  materials,  extraction  of  useful  chemical 
elements  contained  in  crustal  materials  such  as  basalt,  and  use  them  as  raw 
materials  for  hydrothermal  synthesis.  Thus,  the  concept  of  geothermal 
reactor  leads  to  the  construction  of  a high  temperature  and  pressure 
autoclave  underground.  This  has  several  advantages  over  the  conventional 
autoclave  technology. 

Figure  1.1  shows  the  schematic  sketch  of  a typical  geothermal 
reactor  for  mineral  synthesis.!76]  The  major  advantages  of  the  geothermal 
reactor  are: 

1.  Synthesis  of  ceramic  materials  by  hydrothermal 
reaction  is  possible  without  using  fuel  or  electricity  as 
main  energy  source. 

2.  The  system  does  not  discharge  the  used  heat. 
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3.  Outer  tube  with  a slit  in  the  bottom  must  be  strong 
enough  to  keep  the  inner  space  of  the  tube  against  the 
pressure  by  the  wall  of  formation,  but  inner  double 
tube  does  not  need  the  strength  against  the  inner  pressure 
as  usual  autoclaves. 

4.  Area  of  the  plant  is  small  because  of  the  vertical  long 
reactor  in  the  ground. 

5.  It  is  highly  useful  to  study  the  alteration  of  various 
rocks  occurring  in  the  earth  crust  in  the  presence  of 
fluids  of  various  compositions.  Such  studies  have 
been  carried  out  for  granite  and  basalts. [75] 


Figure  1.1.  Geothermal  reactors  for  mineral  synthesis. l76] 


The  main  disadvantage  of  the  geothermal  reactor  is  that  the  flow 
characteristics  of  high  temperature  slurry  accompanied  with  the  chemical 
reaction  must  be  well  understood  for  controlling  the  reaction.  The  volu- 
metric capacity  of  the  geothermal  reactor  is  very  large  compared  to  that  of 
usual  autoclave,  and  the  operation  must  be  continuous.  The  merit  of  the 
geothermal  reactor  and  its  cost  of  operation  can  be  realized  only  if  the 
target  material  is  to  be  developed  in  large  quantity. 
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1.6  SUBMARINE  HYDROTHERMAL  SYSTEMS 

The  general  acceptance  of  plate  tectonics  theory  some  2Vi  decades 
ago  has  garnered  much  interest  in  geochemical  processes  at  plate  bound- 
aries which  has  led  to  the  discovery  of  hydrothermal  activity  in  the  deep 
sea  directly  on  the  Galapagos  Spreading  Centre  in  1977, 1 FT  and  a large 
number  of  other  spectacular  submarine  hydrothermal  systems  (like  Red 
Sea  Rift  Valley,  Juan  de  Fuca  Ridge-North  Pacific  Ocean;  21°N  East 
Pacific  Rise,  Kamchatka,  Kurile  Islands,  Atlanti’s  II  Deep  in  Red  Sea, 
Lake  Kivu,  and  so  on)  of  global  significance  to  ocean  chemistry  and 
geochemistry. [78]  In  fact,  this  discovery  has  led  to  a new  thinking  in 
marine  biology  and  geochemistry,  and  in  economic  geology  and  has 
spawned  an  entirely  new  term,  viz.,  hydrothermal  ecosystems , which 
means  water-containing  terrestrial,  subterranean,  and  submarine  high 
temperature  environments  which  are  the  sites  of  investigations  for  many 
palaeobiologists  and  biologists  looking  for  primitive  forms  of  life.  It  is 
strongly  believed  that  the  roots  of  life  on  earth  can  be  found  in  hydrother- 
mal ecosystems.  These  ecosystems  may  also  serve  as  an  analogue  for  the 
possible  origin  of  life  on  Mars,  where  a similar  environment  might  have 
existed  or  still  exist.  The  conditions  at  the  hydrothermal  ecosystems 
mimic,  to  some  extent,  the  conditions  on  early  earth  because  of  the 
presence  of  both  heat  and  water.  These  conditions  were  abundant  at 
around  3.5  Ga,  when  there  was  much  greater  vulcanism  and  a higher 
ambient  temperature  on  earth.  Dick  Henley  (1996)  describes  the  geochemi- 
cal activity  of  the  hydrothermal  ecosystems  as  biotic  factory,  FT  Accord- 
ing to  Everett  Shock  (1992),  life  thrives  in  submarine  hydrothermal 
conditions  because  they  have  a (geologically  supplied)  source  of  chemical 
disequilibrium  which  brings  in  redox  reactions.!80]  Further,  he  states  that 
life  originated  at  warmer  temperatures.  This  was  also  supported  by  simple 
experiments  on  organic  synthesis  under  hydrothermal  conditions.  These 
higher  temperatures  would  mix  various  elements  and  supply  the  energy 
for  the  formation  of  simple  compounds.  Abundant  mineral  deposits  at 
hydrothermal  ecosystems  imply  that  they  provide  a fossil  record  of  their 
biological  inheritance.  Often  the  minerals  deposited  are  precious  metals 
such  as  gold,  silver,  copper,  and  zinc.  These  are  common  outpourings 
from  hydrothermal  vents.  Thermal  waters  usually  contain  high  con- 
centrations of  dissolved  components  which  are  deposited  when  the  hot 
spring  discharge  gases  are  released  and  the  temperatures  fall,  leading  to 
the  deposition  of  mostly  calcium  carbonate,  silica,  iron  and  manganese 
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oxides.  Thus,  any  living  organisms  that  once  existed  in  the  vents  become 
fossilized  at  the  very  site  it  lived  in.  All  these  theories  proposed  that  the  life 
existed  some  3.5  billion  years  ago. 

The  spectacular  nature  of  the  submarine  hydrothermal  ecosystem 
with  features  such  as  black  smokers,  white  smokers,  and  peculiar  ecosys- 
tems that  arc  independent  of  sunlight  as  a source  of  reducing  power,  has 
focused  much  interest  on  hydrothermal  processes  for  the  explanation  of  an 
array  of  geochemical  processes  and  phenomena.!81!  The  submarine 
hydrothermal  systems  reveal  that  most  primitive  organisms  found  in 
modern  environments  are  thermophiles  (for  example,  arched).  Many 
scientists  believe  in  a “redox  neutral”  in  the  primitive  atmosphere.  The 
most  important  aspect  is  the  possibility  that  the  iron  vapor  and  reduced 
carbon  liberated  from  impacting  objects  like  meteorites  would  leave  the 
ocean  reducing  for  a long  period.  In  addition,  those  submarine  hydrother- 
mal systems  are  the  only  environments  where  primitive  life  would 
have  been  protected  against  postulated  meteoritic  impacts  and  partial 
vaporization  of  the  ocean.  The  presence  of  supercritical  fluids  like  H20, 
C02,  or  CH4,  are  the  main  constituents  of  any  hydrothermal  system. 
They  serve  as  excellent  solvents  of  organic  compounds  and  would 
probably  be  of  great  potential  for  several  of  the  chemical  reactions  eventu- 
ally leading  to  the  origin  of  life.  Further,  the  pressure  and  temperature 
gradients  existing  in  natural  hydrothermal  systems  have  a dramatic 
effect  on  the  properties  of  the  hydrothermal  fluids.  This  is  known  from 
the  current  experimental  data  on  many  electrolytic  solutions  and  some 
nonaqueous  solutions.!82! 

The  submarine  hydrothermal  systems  operate  today  in  much 
the  same  manner  as  they  are  believed  to  have  functioned  in  the  pre- 
Cambrian  period.  They  provide  a wide  range  of  closely  linked  gradients 
in  both  physical  and  chemical  conditions  obviously  having  a direct 
link  with  magmatic  heat.  Thus,  the  biological  communities  (biotic  family) 
occupying  vast  and  relatively  stable  soft  bottom  habitats  of  the  sea  are 
characterized  by  low  population  densities,  high  species  diversity,  and 
low  biomass,  compared  to  those  inhabiting  the  unstable  conditions  of 
submarine  hydrothermal  ecosystems  which  exhibit  high  densities  and 
biomass,  low  species  diversity,  rapid  growth  rates  and  high  metabolic 
rates. 

Despite  such  an  understanding  of  the  hydrothermal  ecosystem, 
there  are  many  unclear  aspects  like  period  of  formation  and  depth.  As 
mentioned  earlier,  the  available  evidences  indicate  that  the  ancient 
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ocean  was  a chemically  reducing  environment,  probably  warm  or  hot 
(>  30°C  to  > 100°C),[83]  shallow  (maximum  depth  of  1000-2000  m),  and 
considerably  more  active,  tectonically  and  hydrothermally,  than  it  is  to- 
day. i84!  The  model  proposed  by  Abbott  and  Hoffman  ( 1984)  suggests  that,  at 
the  time  of  formation  of  the  ocean  (4.2  Ga.),  it  is  likely  that  the  whole  earth 
was  covered  with  water  and  that  hydrothermal  activity  was  at  least  five  times 
greater  than  at  present. [85]  The  overall  rate  of  sea  floor  spreading  and 
subduction  has  declined  steadily  over  the  evolution  of  the  earth.  Figure  1.2 
shows  the  geological  and  geochemical  features  of  hydrothermal  circulation 
of  seawater  through  the  oceanic  crust  at  mid-ocean  ridges.1861  Rona  et  al. 
(1983)  have  found  two  types  of  vents  occurring  along  spreading  ridge 
crests  of  the  East  Pacific  Rise  and  Juan  de  Fuca  Ridge  in  the  Pacified87! 
The  fluids  emanating  from  these  vents  are  enriched  with  magmatically 
derived  elements  and  complexes.  Depending  upon  the  degree  of  mixing, 
we  can  expect  a variety  of  chemical  components  in  different  quantities 
which  serve  as  the  primary  energy  sources  for  the  extensive  microbial 
communities  as  represented  in  Figs.  1.3  and  1.4.  All  the  biologically 
important  trace  elements  are  also  known  to  be  associated  with  submarine 
hydrothermal  vents.  However,  the  actual  reactions  involved  in  the  produc- 
tion of  various  chemical  components  are  not  clearly  known.  It  is  well 
known  that  both  H0  and  CO  are  common  gases  associated  with  volcanic 
activity.  The  major  source  of  H,  is  believed  to  be  the  oxidation  of  magnetite 
to  hematite,  while  CO  is  believed  to  originate  within  the  magma  from  C-O- 
H-S  equilibrium.!88!  Similarly,  the  concentration  of  CH4  and  helium  gases 
has  been  discussed  in  the  submarine  hydrothermal  vents.  Oxygen  and 
other  electron  acceptors  (NO3-,  S042-  and  P043  ) and  a variety  of  many 
unknown  chemical  components  have  allowed  for  the  abundant  growth  of  a 
diverse  microorganisms  in  the  modern  oceans. 

In  order  to  prove  the  above  theories  and  discoveries,  several 
workers  have  proposed  the  thermodynamics  of  strecker  synthesis  in  hy- 
drothermal systems  and  also  the  hydrothermal  synthesis  of  several  amino 
acids  under  laboratory  conditions.  Schulte  and  Shock  (1995)  and  Shock 
(1995)  have  worked  out  the  strecker  synthesis  to  produce  biomolecules 
(amino  and  hydroxy  acids ) from  starting  compounds  (ketones,  aldehydes, 
HCN  and  ammonia),  f88!!89!  They  have  evaluated  their  work  quantitatively 
using  thermodynamic  data  and  parameters  for  the  revised  Helgeson- 
Kirkham-Flowers  (HKF)  equation  of  state.  Although  there  is  an  over- 
whelming thermodynamic  drive  to  form  biomolecules  through  streckers 


22  Handbook  of  Hydrothermal  Technology 


synthesis  under  hydrothermal  conditions,  the  availability  and  concentration 
of  stalling  components  limit  the  efficiency  and  productivity  of  strecker 
reactions.  Some  representative  reactions  for  strecker  synthesis  are  given 
below  d89] 


RCHO  +NH3  + HCN 
aldehyde  / ketone 

RCH  (NH2)CN  + H20 
amino  nitrile 


RCH(NH2)CN  + h2o 
amino  nitrile 

RCH(NH2)CO(NH2) 
amino  amide 


RCHO  + HCN  + H20  = RCH(NH2)COOH 

aldehyde/ketone  amino  acid 

There  are  several  reports  on  the  laboratory  hydrothermal  syn- 
thesis of  amino  acids  to  justify  the  origin  of  life  on  the  earth.  It  is 
appropriate  to  mention  that  the  organic  synthesis  on  the  whole  is  not 
new  and,  in  fact,  it  began  in  the  previous  century.  However,  the  organic 
synthesis  under  hydrothermal  conditions  with  reference  to  the  origin  of 
life  began  in  a systematic  way  only  during  1980s,  after  the  discovery  of 
hydrothermal  activity  in  the  deep  sea  on  a Galapagos  spreading  rich  in 
thermophile  organisms  (Fig.  1.5  a and  b)  during  1977.  The  reader  can 
get  additional  information  from  the  works  of  Fox  and  Windsor 
(1970);  Marshall  (1987);  Shock  (1990,  1992);Hennetetal.  (1992)d9°H94] 
These  workers  have  synthesized  amino  acids  in  a temperature  range  of 
150°C  to  275°C  from  aqueous  solutions  containing  KCN,  NH3,  HCHO, 
C02,  Ho,  Oo,  NaCN,  NH4HC03.  Miller  (1953)[95]  and  Amend  and  Shock 
(1988)  in  Ref.  97  have  shown  that  the  autotrophic  synthesis  of  all  twenty 
protein-forming  amino  acids  was  energetically  favored  in  hot  (100°C), 
moderately  reduced,  submarine  hydrothermal  solutions  relative  to  the  syn- 
thesis in  cold  (18°C),  oxidized,  surface  sea  water. [95J  Although  the  above 
studies  do  not  support  the  challenge  raised  by  several  others  over  the  life 
in  submarine  hydrothermal  ecosystems,  these  studies  definitely  have  set  a 
new  trend  in  hydrothermal  research. 

This  field  of  research  is  growing  very  fast  and  a large  number  of 
publications  are  coming  on  diversified  aspects  of  submarine  hydrothermal 
ecosystems.  The  reader  can  refer  to  some  of  the  most  important  reviews 
for  further  studies. [95H97J 
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Figure  1.2.  Major  processes  during  the  hydrothermal  circulation  of  seawater 
through  the  oceanic  crust  at  mid-ocean  ridges.  (Courtesy  H.  W.  Jannasch) 


NEPHLOID  LOVER  <?)- 


Figure  1.3.  Microbial  community. [811 
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Plate  1.  The  Pompei  worm  Alvinella  at 
9°N  on  the  East  Pacific  Rise.  The 
densely-packed  tubes  form  the  wall  of  a 
chimney.  One  worm  has  emerged:  to 
the  upper  right,  the  tips  of  the  tentacles 
of  several  others  can  be  seen  at  the  tube 
openings. 


Plate  2.  A dead  vent  field  on  the 
Galapagos  Rise  near  Rose  Garden.  Par- 
tially dissolved  shells  of  vesicomyid 
clams  fill  the  extinguished  vent  open- 
ing. But  there  are  a few  survivors  - 
mussels  filter-feeding  for  ambient  sus- 
pended particles. 


Plate  3.  Barnacles  encrust  the  edge  of  a 
vent  opening  at  the  Mariana  back-arc 
spreading  center.  Alvinoconchid  snails 
live  in  the  openings  where  temperatures 
were  measured  at  10-25°C.  Bresiliid 
shrimp  and  bythograeid  crabs  scavenge 
off  the  surfaces  of  rock  and  other  ani- 
mals. The  cloudiness  of  the  water  is 
caused  by  suspended  bacteria. 


Plate  4.  The  tip  of  a chimney  at  the 
Mariana  vent  emitting  250°C  effluent. 
Animals  avoid  this  hot  spot,  but  are 
able  to  live  only  a few  centimeters  be- 
low it,  where  the  temperature  is  only 
25°C.  Alvinoconchid  snails,  bresiliid 
shrimp,  bythograeid  crabs  and  limpets 
can  be  seen. 


Figure  1.4.  Microbial  community.  Photos  are  reproduced  from  Ref.  97. 
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Plate  1.  The  Rose  Garden  vent  on  the  Plate  2.  Bresiliid  shrimp  at  a Mid-At- 

Galapagos  Rise  in  1979.  Vesti-  lantic  Ridge  vent. 

mentiferan  tube-worms  and  mussels 

dominate.  Bresiliid  shrimp  and 

archacogastropod  limpets  walk  on 

them. 


Plate  3.  Serpulid  polychacies  and  a dan-  Plate  4.  Spaghetti  worms  cover  pillow 

delion  in  the  near-field  at  the  Rose  lava  at  the  periphery  of  Rose  Garden. 

Garden.  Most  of  the  serpulids  are  re- 
tracted into  their  tubes,  but  the  ten- 
tacles of  several  are  spread  for  captur- 
ing food  particles  from  the  water. 


(a) 


Figure  1.5.  Hydrothermal  activity  in  the  deep  sea  (a,  b).  Plates  are  reproduced 
from  Ref.  97. 
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Plate  5.  The  huge  thicket  of 
vestimentiferan  tube-worms  at  the  main 
vent  fissure  at  Rose  Garden  in  Decem- 
ber, 1979.  Mussels  live  among  the 
worms,  principally  at  the  base  of  the 
tubes. 


Plate  6.  The  population  of 
vestimentiferans  has  been  drastically 
reduced,  and  mussels  have  proliferated 
to  form  a great  pile  over  the  fissure 
opening. 


Plate  7.  The  rift  valley  on  the  East 
Pacific  Rise  at  9°N  in  April  1991.  A 
recent  lava  flow  has  blanketed  the  val- 
ley. Wide-scale  venting  has  encour- 
aged bacterial  growth,  but  there  are  not 
yet  any  animals  grazing  on  the  mats. 


Plate  8.  The  same  general  area  in  De- 
cember, 1993,  a little  over  two  and  a 
half  years  later,  showing  vigorous  colo- 
nization by  vestimentiferans.  The  bac- 
terial mats  have  disappeared. 


(b) 


Figure  1.5.  (Cont’d.) 
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1.7  HYDROTHERMAL  CRYSTAL  GROWTH  AND 

MATERIALS  PROCESSING 

After  the  successful  application  of  the  hydrothermal  technique  in 
hydrometallurgy  in  the  previous  century,  the  other  important  application 
of  this  method  began  with  the  artificial  production  of  bulk  single  crystals 
of  quartz  and  also  with  the  synthesis  of  zeolites  during  late  1930s  and 
1940s.  The  hydrothermal  method  of  crystal  growth  has  several  advan- 
tages. It  is  very  important  for  its  technological  efficiency  in  developing 
bigger,  purer,  and  dislocation-free  single  crystals.  The  method  has  been 
widely  accepted  since  1960s  and  practically  all  inorganic  species,  starting 
from  native  elements  to  the  most  complex  oxides,  silicates,  germanates, 
phosphates,  chalcogenides,  carbonates,  and  so  on,  have  been  obtained  by 
this  method.  The  technique  is  being  employed  on  a large  scale  to  prepare 
piezoelectric,  magnetic,  optic,  ceramic  and  a host  of  other  materials  both 
as  single  crystals  and  polycrystalline  materials.  In  the  recent  years,  several 
new  advantages  of  the  hydrothermal  technique  have  been  described  by 
many  workers  and  they  are  discussed  in  Chs.  5 to  10  in  great  detail.  The 
hydrothermal  technique,  in  contrast  to  other  conventional  techniques, 
offers  several  advantages: 

i.  Compounds  with  elements  in  oxidation  states  that 
are  difficult  to  obtain,  especially  important  for 
transitional  metal  compounds,  can  be  obtained  in  a 
closed  system  by  the  hydrothermal  method  [e.g., 
ferromagnetic  chromium  (IV)  oxide]. 

ii.  The  hydrothermal  method  is  also  useful  for  the  so- 
called  low  temperature  phases,  e.g.,  a-quartz,  a- 
berlinite,  and  others. 

iii.  For  the  synthesis  of  metastable  compounds,  such  as 
subiodides  of  tellurium,  Te2I,  the  hydrothermal 
method  is  unique. 

Commercial  production  of  quartz  and  zeolites  began  during  1940s, 
but  it  was  during  1940s  and  1950s  that  the  study  of  hydrothermal  phase 
equilibria  became  quite  popular  owing  to  the  appearance  of  new  de- 
signs in  autoclaves,  particularly  the  Tuttle  cold-cone  sealed  autoclaves 
which  became  popular  as  test  tube  type  autoclaves. [98]  The  main  advan- 
tage of  the  phase  equilibria  studies  under  hydrothermal  conditions  is  that  it 
is  a closed  system;  one  can  study  the  influence  of  temperature,  pressure 
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and  compositional  variations  individually.  These  studies  helped  to  under- 
stand the  phase  formations  in  many  inorganic  systems,  which  had  direct 
bearings  on  the  natural  systems  as  well.  They  also  helped  in  the  crystallization 
of  several  new  phases  which  do  not  have  the  natural  analogues.  Moreover, 
these  studies  laid  a firm  foundation  for  the  growth  of  some  most  complex 
inorganic  single  crystals  which  did  not  have  analogues  in  nature.  During 
1960s,  there  was  a question  about  the  search  and  growth  of  hitherto 
unknown  compounds  of  photo-semiconductors,  ferromagnets,  lasers,  piezo- 
and  ferrielectrics,  so  the  hydrothermal  method  gained  greater  attention.  This 
also  led  to  the  studies  concerning  the  solubility,  solvent-solute  interaction, 
kinetics,  and  thermodynamic  aspects  of  crystal  growth.  A large  number  of 
groups  appeared  in  Europe,  Asia  and  North  America,  and  also  the  number  of 
crystals  obtained  by  hydrothermal  method  increased  exponentially.  Fur- 
ther, the  studies  concerning  the  phase  equilibria  paved  a way  for  the 
emergence  of  a new  technology,  viz.,  ceramics  processing  technol- 
ogy -[99] 

From  mid-1970s,  exploration  of  the  advantages  of  hydrothermal 
reactions  other  than  the  hydrometallurgical  and  crystal  growth  aspects 
began  in  Japan,  particularly  with  reference  to  the  ceramic  powder  process- 
ing. A team  of  researchers  from  the  Tokyo  Institute  of  Technology,  Japan, 
did  pioneering  work  in  ceramic  processing  such  as  powder  preparation, 
reaction  sintering,  hot  isostatic  processing,  and  so  on.  The  powder  pre- 
pared by  the  hydrothermal  technique  is  not  agglomerated,  but  is  fine- 
grained, highly  pure,  with  controlled  morphology,  has  a narrow  size 
distribution,  and  consists  of  single  crystals.  The  technique  has  several 
advantages  like  high  reaction  rate  of  powders,  good  dispersion  in  liquid, 
almost  pollution  free,  does  not  require  very  expensive  and  highly 
sophisticated  equipment,  energy  saving  processing,  and  many  times  it 
produces  new  phases.  These  aspects  are  discussed  in  the  subsequent 
chapters  of  this  book. 

In  the  last  decade,  the  hydrothermal  technique  has  offered  several 
new  advantages  like  new  homogeneous  precipitation  using  metal  chelates 
under  hydrothermal  conditions,  decomposition  of  hazardous  and/or  re- 
fractory chemical  substances,  monomerization  of  high  polymers  like 
polyethylene  terephthalate,  and  a host  of  other  environmental  engineering 
and  chemical  engineering  issues  dealing  with  recycling  of  rubbers  and 
plastics  instead  of  burning,  and  so  on.  The  solvation  properties  of  super- 
critical solvents  arc  being  extensively  used  for  detoxifying  organic  and 
pharmaceutical  wastes  and  also  for  replacing  toxic  solvents  commonly 
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used  for  chemical  synthesis.  Similarly,  it  is  used  to  remove  caffeine  and  other 
food-related  compounds  selectively.  In  fact,  a new  term,  hydrothermal 
cooking,  is  being  used  by  the  food  and  nutrition  experts  in  recent  years  J10°l 
These  unique  properties  take  the  hydrothermal  technique  altogether  in  a new 
direction  towards  the  21st  century  and  one  can  forecast  a slow  emergence  of 
a new  branch  of  science  and  technology  for  sustained  human  development. 
An  understanding  of  the  structure,  dynamics  and  reactivity  of  water  and 
other  aqueous  electrolyte  solutions  with  the  advancement  in  instrumentation 
like  neutron  diffraction,  x-ray,  Raman  and  NMR  spectroscopic  approaches, 
have  greatly  contributed  to  the  emergence  of  this  new  branch  of  science  and 
technology  employing  hydrothermal  techniques.  As  is  well  known,  water  is 
environmentally  the  safest  material  and  the  cheapest  of  all  solvents.  It  can  act 
as  a mineralizer  or  a catalyst  under  elevated  pressure-temperature  conditions. 
The  thermodynamic  and  transport  properties  of  supercritical  water  are 
remarkably  different  from  those  of  ambient  water.  The  solubility  of  nonpolar 
species  increases,  whereas  that  of  ionic  and  polar  compounds  decrease.  As 
a result  of  the  drop  of  the  polarity  of  water,  the  molecular  mobility  increases 
due  to  a decrease  in  the  solvent  viscosity  (rj).  Drastic  changes  of  ionic 
hydration  are  brought  about  by  the  decrease  in  the  dielectric  constant  (e)  and 
density  (p).  Table  1.4  gives  the  values  of  dielectric  constant,  density  and 
viscosity  of  water  varying  with  temperature  and  pressure  in  comparison  with 
the  ambient  values  of  78.3,  0.997  g cm'3,  and  0.890  mPa,  respectively. 0°0 
The  temperature  dependence  of  the  saturation  vapor  pressure  is  illustrated  up 
to  the  critical  point  in  Fig.  1.6.001JBelow  150-200°C,  the  saturation  vapor 
pressure  is  relatively  low.  Above  this  temperature,  however,  the  vapor 
pressure  rises  rather  sharply.  Such  anamolous  properties  of  water  with 
pressure-temperature  variations  are  associated  with  the  hydrogen  bond- 
ing, which  has  attracted  the  attention  of  solution  chemists.  Thus  recent 
advances  in  hydrothermal  solution  chemistry  have  paved  a new  path  to 
materials  processing  techniques  with  minimum  energy  consumption  in 
comparison  with  larger  energy  consumption  to  create  melt,  vapor,  gas  or 
plasma.  Figure  1.7  shows  free  energy  vs.  temperature  diagram  in  a single 
component  system.  Similarly,  Fig.  1.8  shows  the  pressure-temperature 
range  for  material  preparation  or  processing.  A portion  of  the  hydrother- 
mal field  falls  within  the  biocompatability  range,  which  can  be  further 
supported  with  the  recent  findings  in  the  field  of  submarine  hydrothermal 
or  biohydrothermal  research. 
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Table  1.4.  Values  of  er,  p (g  cm'3),  and  77  (mPa  s)  of  Water  at  High 
Temperatures  and  High  Pressures* 

t/°C 


p/MPa  Parameter  


200 

250 

300 

350 

400 

450 

£r 

35.1 

27.4 

20.4 

1.2 

1.2 

1.1 

10 

P 

0.871 

0.806 

0.715 

0.045 

0.038 

0.034 

P 

0.136 

0.108 

0.087 

0.022 

0.025 

0.027 

£r 

35.3 

28.0 

21.2 

14.1 

1.6 

1.4 

20 

P 

0.878 

0.816 

0.733 

0.600 

0.101 

0.079 

0 

0.139 

0.110 

0.091 

0.070 

0.026 

0.028 

£r 

35.9 

28.4 

22.0 

15.7 

5.9 

2.1 

30 

P 

0.885 

0.826 

0.751 

0.646 

0.357 

0.148 

V 

0.141 

0.113 

0.094 

0.076 

0.044 

0.031 

£r 

36.3 

28.9 

22.6 

16.7 

10.5 

3.8 

40 

P 

0.891 

0.835 

0.765 

0.672 

0.523 

0.271 

0 

0.114 

0.115 

0.097 

0.080 

0.062 

0.039 

£r 

36.6 

29.3 

23.1 

17.6 

12.2 

6.6 

50 

P 

0.897 

0.843 

0.777 

0.693 

0.278 

0.402 

0 

0.146 

0.118 

0.099 

0.083 

0.068 

0.051 

£r 

37.0 

29.7 

23.6 

18.2 

13.3 

8.5 

60 

P 

0.903 

0.850 

0.788 

0.711 

0.612 

0.480 

V 

0.148 

0.120 

0.101 

0.086 

0.073 

0.059 

£r 

37.3 

30.0 

24.0 

18.8 

14.2 

9.9 

70 

P 

0.909 

0.857 

0.798 

0.726 

0.638 

0.528 

0 

0.150 

0.122 

0.104 

0.089 

0.077 

0.065 

* Cited  from  IAPWS  Release  on  the  Values  of  Temperature,  Pressure  and 
Density  of  Ordinary  and  Heavy  Water  Substances  at  their  Respective 
Critical  Points,  1992. 
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Figure  1.6.  Temperature  dependence  of  saturation  vapor  pressure. 


Figure  1.7.  Schematic  energy  diagram  (G-T)  in  a single  component  system. 
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Figure  1.8.  Pressure-temperature  range  for  material  preparation. 


1.8  STATISTICS  OF  PUBLICATIONS  AND  RESEARCH  IN 

HYDROTHERMAL  TECHNOLOGY 

The  statistical  data  on  the  hydrothermal  research  give  a picture  about 
its  developments.  Throughout  the  course  of  its  evolution  from  geoscientists 
to  modern  technologists,  the  hydrothermal  technique  has  captured  the 
attention  of  scientists  and  technologists  from  different  branches  of  science. 
Today  it  is  a highly  interdisciplinary  subject  and  the  technique  is  popularly 
used  by  geologists,  biologists,  physicists,  chemists,  ceramists, 
hydrometallurgists,  materials  scientists,  engineers  and  so  on.  Figure  1.9 
shows  various  branches  of  science  either  emerging  out  from  the  hydro- 
thermal  technique  or  closely  linked  up  with  the  hydrothermal  technique. 
One  could  firmly  say  that  this  family  tree  will  keep  expanding  its  branches 
and  the  roots  in  the  years  to  come. 
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In  view  of  such  a rapid  growth  of  the  hydrothermal  technique,  it  is 
becoming  imperative  to  have  a highly  specialized  book  on  this  topic. 
There  are  thousands  of  articles  published  on  various  aspects  of  hydrother- 
mal research.  In  the  initial  days  of  the  hydrothermal  research,  there  was  a 
dearth  of  diversified  journals,  thus  much  of  the  hydrothermal  research  data 
from  the  19th  century  to  the  beginning  of  the  second  half  of  this  century  was 
published  in  essentially  Earth  Science  Journals,  Chemistry  Annals,  and 
Bulletins.  Since  then,  success  in  the  growth  of  large  single  crystals  of  quartz 
and,  subsequently,  a large  number  of  other  minerals  and  inorganic  com- 
pounds, as  well  as  the  progress  achieved  in  the  instrument  side  in  attaining 
higher  pressure  and  temperature  conditions,  led  to  the  slow  diversity  of  the 
field.  Today  a large  quantum  of  work  on  hydrothermal  research  is  being 
published  in  more  than  one  hundred  journals,  and  the  number  is  still  growing. 
Owing  to  the  limitation  of  space  and  with  an  intention  to  focus  on  the  main 
theme  of  the  book,  we  give  below  only  the  important  journals  which  publish 
the  work  on  hydrothermal  research: 

Journal  of  Crystal  Growth 
Journal  of  Materials  Research 
Journal  of  Materials  Science 
Journal  of  Materials  Science  Letters 
Materials  Research  Bulletin 
Materials  Physics  and  Chemistry 
Advanced  Materials 
Materials  Science  Forum 
Materials  Letters 
Journal  of  Solid  State  Chemistry 

European  Journal  of  Solid  State  and  Inorganic  Chemistry 
Progress  in  Crystal  Growth  and  Characterization  of  Materials 
Crystal  Research  and  Technology 
Crystallography  (Russian  Journal) 

Izvestia  Academy  Nauk  Inorganic  Materials  (Russian) 

Solid  State  Communication 
Doklady  Academy  Nauk  (Russian) 

Journal  of  American  Ceramic  Society 
Chemistry  of  Materials 
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Journal  of  Applied  Physics 
Physics  and  Chemistry  of  Barth 
Journal  of  American  Chemical  Society 
American  Mineralogist 
Canadian  Mineralogist 
Geochimica  Cosmochimica  Acta 
Zeolites 

Journal  of  Ceramic  Society  of  Japan 
Bio-materials 

Japanese  Journal  of  Applied  Physics 
Ceramics  Transactions 
Materials  Science  and  Engineering 
Materials  Science  Research 
Materials  Technology 
Journal  of  Microporous  Materials 

Although  there  are  thousands  of  research  publications  on  hydrother- 
mal research,  so  far,  the  most  comprehensive  works  are  limited  to  the  scale 
of  only  reviews  and  edited  books  and  there  is  not  even  a single  monograph 
available.  In  connection  with  the  hydrothermal  technique  for  crystal  growth 
and  materials  processing,  the  books  and  reviews  listed  in  Table  1 . 1 are  very 
useful. 

We  have  made  a very  sincere  effort  to  collect  a more-or-less 
complete  list  of  publications  related  to  the  field  of  hydrothermal  technol- 
ogy, especially  with  a higher  reliability  in  the  last  decade.  Therefore,  it  is 
interesting  to  discuss  briefly  the  statistics  of  this  field  of  research.  Figure 
1.10  shows  the  number  of  publications  year-wise  and  this  number  is 
increasing  sharply  with  the  entry  of  scientists  from  other  branches  of 
science.  As  evident  from  Fig.  1.11,  the  preparative  chemists  and  ceramists 
have  dominated  this  field,  particularly  with  the  recent  advances  in  the 
advanced  materials  and  electronic  ceramics.  It  is  interesting  to  note  that 
the  hydrothermal  technique  of  material  synthesis,  although  began  in  the 
previous  century,  has  gained  its  momentum  during  the  postwar  period. 
Prior  to  that,  majority  of  the  compounds  synthesized  under  hydrothermal 
conditions  were  essentially  the  natural  analogues,  as  the  main  thrust  was 
on  the  study  of  the  origin  of  rocks,  minerals  and  ores  through  laboratory 
simulations. 
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SCI,  and  INS  PEC  databases 


1989  1990  1991  1992  1993  1994  1995  1996  1997  1998  1999 

Year 

Figure  1.10.  Number  of  publications  year-wise. 


J.  Solid  State  Chem. 

|5.7 

J.  Mater.  Sci.  (+  Lett. ) 

1 4.3% 

Chem.  Mater. 

1 2.6% 

J.  Am.  Ceram.  Soc. 

1 2.3% 

Inorg.  Chem. 

|2.2% 

J.  Chem.  Soc. 

|2.0% 

J.  Mater.  Res. 

1 1 .9% 

Mater.  Res.  Bull. 

1 1 .7% 

Zeolites 

1 1 .7% 
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Figure  1.11.  Number  of  papers  on  hydrothermal  research  in  materials. 
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With  the  availability  of  the  improved  equipment  and  also  with  the 
knowledge  on  the  preparative  chemistry  routes  to  synthesize  many 
inorganic  compounds,  with  or  without  natural  analogues  under  hydrother- 
mal conditions,  the  popularity  of  the  technique  grew  fast.  Today,  the 
number  of  compounds  without  any  natural  analogue  synthesized  under 
hydrothermal  conditions  is  more  than  the  number  of  compounds  with  natural 
analogues  synthesized.  With  the  advent  of  new  mineralizers,  a wide  variety 
of  organic  and  inorganic  compounds  hitherto  unknown  are  being  prepared  by 
hydrothermal  technique.  The  technique  is  being  popularly  used  for  crystalli- 
zation of  materials,  crystal  growth,  materials  processing,  thin  film  prepara- 
tion, and  so  on.  As  evident  from  the  synthesis  of  silicates,  phosphates  and 
oxides  followed  by  the  ceramics  are  very  popular  materials  being  obtained 
under  hydrothermal  conditions.  The  popularity  of  this  field  is  probably 
connected  with  the  better  understanding  of  the  hydrothermal  solution 
chemistry  and  the  effective  use  of  several  new  mineralizers  which  have 
virtually  changed  the  scenario,  particularly  with  reference  to  the  pressure  and 
temperature  conditions  of  synthesis  of  materials  which  were  obtained  under 
very  high  pressure  and  temperature  conditions.  For  instance,  rare  earth 
tungstates,  rare  earth  silicates  and  so  on  are  being  obtained  under  mild 
hydrothermal  conditions.1 1021 

Flydrothermal  research  had  its  origin  in  Europe,  and  later  spread 
its  activity  to  North  America  during  the  early  20lh  century.  The  hydrother- 
mal research  in  Asia  began  in  the  1920s  in  Japan.  Today,  Japan  has 
emerged  as  a leader  in  this  field  of  research  on  par  with  the  USA. 
However,  the  hydrothermal  research  is  becoming  quite  popular  in  several 
other  countries,  particularly  in  the  last  three  decades.  The  countries  en- 
gaged in  hydrothermal  research  are  listed  below  in  alphabetical  order: 
Australia,  Belgium,  Brazil,  Bulgaria,  Chile,  China,  Canada,  Denmark, 
France,  Germany,  Holland,  Italy,  India,  Japan,  Korea,  Norway,  Poland, 
Russia,  Switzerland,  Spain,  Sweden,  Taiwan,  UK,  Ukraine,  USA.  Amongst 
these  countries  over  75%  of  the  hydrothermal  research  is  going  on  in 
Japan  and  USA.  Figure  1.12  shows  the  countries  actively  engaged  in 
hydrothermal  research. 

The  above  statistical  data  on  hydrothermal  research  clearly  illus- 
trate a growing  popularity  of  the  technique,  covering  various  branches  of 
science.  The  main  disadvantage  of  the  hydrothermal  system,  as  believed 
earlier,  is  the  black-box  nature  of  the  hydrothermal  autoclave,  because 
one  can  not  make  any  direct  observation  of  the  crystallization  pro- 
cesses. Though  several  attempts  were  made  to  observe  the  crystallization 
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Figure  1.12.  Number  of  papers  on  hydrothermal  research  in  materials. 

processes  through  special  ruby  windows  for  these  autoclaves,  not  much 
success  has  been  achieved  because  of  the  high  pressure  and  temperature  of 
the  system.  However,  in  recent  years,  remarkable  progress  was  made  in 
this  area  through  the  entry  of  physical  chemists  and  the  modeling  of  the 
hydrothermal  reactions,  and  the  study  of  kinetics  of  the  hydrothermal 
processes  have  contributed  greatly  to  understand  the  hydrothermal  tech- 
nique. One  can  now  understand  the  hydrothermal  chemistry  of  the  solu- 
tions more  or  less  precisely,  which  provides  a solid  base  for  hydrothermal 
synthesis  and  processing  at  much  lower  pressure  and  temperature  condi- 
tionsJ2911 1031  These  developments  are  slowly  removing  the  concept  of  the 
black  box  for  the  hydrothermal  system,  and  one  can  make  use  of  thick- 
walled  silica  autoclaves  to  carry  out  hydrothermal  experiments  up  to  a 
temperature  of  300°C  and  pressure  up  to  several  hundreds  of  bars,  to 
facilitate  direct  observation  of  the  hydrothermal  processes  taking  place  in 
a given  system.  Already  some  groups  in  Russia,  Japan  and  USA  have 
begun  work  in  this  direction  and  numerous  publications  have  appeared. 
These  developments  have  given  the  hydrothermal  technique  an  edge  over 
other  techniques  for  the  preparation  of  pure  materials  as  it  is  a closed 
system  providing  a more  controlled  diffusion.  Besides,  the  role  of  pressure 
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together  with  temperature  helps  enhanced  molecular  arrangements  including 
those  of  organic  molecules  as  supported  by  the  synthesis  of  organic  amino 
acids  and  other  life  forming  complexes,  and  also  the  natural  submarine 
hydrothermal  ecosystems.  Thus  the  hydrothermal  technique  exhibits  a great 
degree  of  flexibility  or  adaptability  which  is  being  rightly  exploited  by  a large 
scientific  community  with  diversified  interests. 


1.9  HYDROTHERMAL  MATERIALS  PROCESSING 

Hydrothermal  materials  processing  is  becoming  a popular  field  of 
research,  particularly  after  the  successful  development  of  ceramic  pro- 
cessing technology  during  1970s.  Further  there  is  a growing  interest  to 
enhance  the  hydrothermal  reaction  kinetics  using  microwave,  acousto- 
wave simulations,  mechanical  mixing,  and  electrochemical  reactions. 
These  processes  have  made  the  hydrothermal  technique  more  attractive  to 
ceramists  and  preparative  chemists  because  of  the  enhanced  kinetics.  The 
duration  of  the  experiments  is  reduced  by  two  orders  of  magnitude,  at 
least,  which  makes  the  technique  more  economic.  The  microwave  hydro- 
thermal  technique  is  especially  handy  for  the  synthesis  of  PZT  and  other 
oxide  ceramics.  Added  to  this,  the  crystal  size,  morphology  and  level  of 
agglomeration  of  the  different  ceramic  oxides  can  be  controlled  through 
careful  selection  of  ratio  of  starting  materials,  pH,  time,  and  temperature. 
Submicron  size  powders  of  Ti02,  Zr02,  Fe203,  KNb03,  BaTi03,  PbTi03 
and  their  solid  solutions  have  been  prepared  by  this  way.  This  has  made 
the  technique  a more  valuable  one  in  the  low  temperature  production  of 
fine  ceramic  powders,  clays,  and  zeolites.[17k104k105l 

Similarly,  ultrasonic  energy,  sonochemical  simulation  is  used  to 
prepare  novel  materials  and  accelerate  the  chemical  reactions.  In  this  way, 
hydrothermal  reactions  can  be  carried  out  at  very  rapid  rates,  and  several 
new  phases  and  high  temperature  phases  can  be  obtained  in  minutes. 

Hydrothermal  epitaxy  began  during  1970s  in  connection  with 
the  development  of  magneto-optic  and  magnetic  bubble  domain  de- 
vices, especially  thin  and  highly  crystallized  magnetic  films  of  yttrium 
iron  garnets  and  their  solid  solutions  on  gadolinium  gallium  garnet 
substrates.  [106k107l  It  did  not  capture  the  attention  of  specialists  owing  to 
the  higher  experimental  pressure  and  temperature  conditions  involved 
(T  > 500°C,  P > 1 kb).  However,  in  the  last  five  years,  the  work  in  this 
direction  has  been  revived.  With  the  use  of  electrochemical  reactions 
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under  hydrothermal  conditions,  it  has  become  possible  to  grow  highly  pure 
and  dislocation  free  crystalline  thin  films  of  various  perovskite  type  oxides 
like  BaTi03,  SrTi03,  CaTi03,  and  so  on,  under  much  lower  pressure  (<  100 
bars)  and  temperature  (100-200°C)  conditions  over  a variety  of  sub- 
strates.O°8Hi  to]  The  method  offers  a high  success  rate  and  there  are  efforts  to 
obtain  functionally  gradient  materials  through  hydrothermal  electrochemis- 
try. With  an  increase  in  the  demand  for  the  composites,  the  hydrothermal 
technique  offers  an  excellent  facility  for  coating  of  various  compounds  on 
metals,  and  ceramics.  For  example,  the  coating  of  FIAp  or  bone  like  apatite 
layers  on  chemically  treated  Ti  metals,  organic  polymers  and  other  metals  has 
emerged  out  as  a promising  field,  U 1 b-U  t3]  This  is  discussed  in  detail  in  Ch.  1 0. 

The  hydrothermal  technique  has  become  very  useful  for  the  produc- 
tion of  whiskers,  which  are  finding  extensive  applications  in  modem  technol- 
ogy. For  example,  whiskers  of  FIAp  are  being  produced  under  mild  hydro- 
thermal  conditions.  Although,  the  crystal  growth  of  whiskers  with  controlled 
morphology  is  not  a new  field,  it  was  already  on  the  verge  of  extinction  during 
the  last  decade.  A few  years  ago,  some  reports  on  the  growth  of  whiskers 
which  are  biocompatible  under  mild  hydrothermal  conditions  appeared, 
giving  a fresh  lease  on  life  to  this  field  of  research  concerning  whiskers  crystal 
growth.!1  miL1 15]  Amongst  the  popular  whiskers  crystal  growth,  the  most 
popular  one  is  the  biocompatible  FIAp  whiskers  of  nanometer  size  and  this 
can  be  prepared  at  temperatures  < 200°C,  and  pressure  < 2 MPa  within  a 
few  hours.  Whiskers  prepared  by  the  hydrothermal  method  have  a more 
controlled  and  better  morphology , uniformity  in  size  and  purity  in  composi- 
tion compared  to  the  FIAp  whiskers  produced  by  other  methods.  The 
whiskers  obtained  by  other  methods  usually  contained  contaminants  like 
carbonates,  heterogeneity  in  shape  and  size.  The  hydrothermally  prepared 
whiskers  are  finding  promising  applications  mostly  as  reinforcements  in 
composites,  and  thermal  insulation.  They  are  highly  biocompatible,  as  they 
contain  nontoxic  species,  such  as  Ca,  P,  OFF,  and  are  noncarcinogenic, 
chemically  inert  both  outside  and  inside  the  living  bodies.  This  is  discussed  in 
greater  detail  in  Ch.  10. 

The  hydrothermal  hot-pressing  technique  is  becoming  a very 
simple  and  most  effective  processing  technique  for  the  preparation  of 
solid  bodies  from  inorganic  powders  under  mild  hydrothermal  condi- 
tions. [i  i6][i  I7i  Tjjjg  technique  is  especially  useful  for  the  solidification  of 
thermally  decomposable  powders  such  as  carbonates,  sulphates  and  ni- 
trates at  high  temperatures.  The  solidification  process  is  thought  to  be 
similar  to  liquid-phase  sintering  under  pressure.  In  this  technique,  the 
stalling  powder  containing  water  is  continuously  compressed  from  the 
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outside  of  an  autoclave  under  hydrothermal  conditions.  The  powder  is  then 
treated  at  autogeneous  pressure,  while  it  is  compressed  at  much  higher 
pressure  than  the  vapor  pressure  inside  the  autoclave.  The  water  still 
remaining  in  the  compacts  after  the  hydrothermal  hot  pressing  can  be  easily 
drained  out  by  drying  in  air.  By  this  means,  porous  ceramics  can  be  easily 
prepared.  This  technique  becomes  handy  for  the  solidification  of  radioactive 
wastes1119]  and  sludge  ashes.11201 

Corrosion  is  a major  problem  in  industries  and  power  stations. 
Corrosion  afflicts  all  metals,  alloys  and  even  advanced  ceramics.  The 
commonly  observed  problems  of  corrosion  include  exfoliation,  stress- 
corrosion  cracking,  intergranular  corrosion,  and  dealloying.  From  the 
perspective  of  engineering,  the  prediction,  monitoring,  and  mitigating  the 
corrosion  problem  is  highly  cumbersome.  Once  the  attack  is  initiated,  it 
makes  localized  corrosion  a major  problem  in  industries,  power  plants  and 
reactors.  In  this  respect,  the  supercritical  solvents  oxidation,  particularly 
of  water  can  be  of  great  help  to  solve  many  of  the  problems  associated 
with  corrosion  and  erosion.  In  these  systems,  the  toxic  and  corrosive  ions 
are  treated  and  made  to  form  a solid  crystalline  coating  of  the  metal 
surfaces  as  oxides  or  as  oxychlorides.  Several  aqueous  and  nonaqueous 
solvents  have  been  tried  on  a variety  of  metals,  alloys,  and  ceramics, 
which  greatly  contribute  toward  solving  the  major  industrial  corrosion 
problem.  The  reader  can  get  additional  information  from  the  works  in 
Refs.  121-127. 

Flydrothermal  processing  has  become  a most  powerful  tool,  in  the 
last  decade,  to  transform  various  inorganic  compounds  and  also  to  treat 
the  raw  materials  for  technological  applications.  The  hydrothermally 
treated  raw  materials  become  very  highly  reactive  as  a function  of  solvent 
used  in  the  preparation  of  advanced  materials.  One  can  find  an  extensive 
literature  data  available  on  this  topic  covering  a wide  range  of  oxides  and 
hydroxides,  carbosils,  and  so  on.  Similarly,  the  hydrothermal  transforma- 
tion, for  example,  montmorillonite  and  other  variety  of  clays  into  the  most 
useful  zeolites  with  larger  pore  volumes,  is  a subject  of  great  interest, 
because  of  its  efficiency  and  economy.11051  In  the  last  couple  of  years,  the 
hydrothermal  technique  has  been  widely  employed  for  metal  intercalated 
nanocomposites  preparation.  Several  variety  of  clay  minerals  which  have 
two-dimensional  layer  structures11281  like  montmorillonite,  beidellite, 
hectorite,  saponite,  nontronite,  etc.,  are  attractive  materials,  because  of 
their  properties  like  cation  exchange  and  swelling-shrinking  in  the 
interlayers.  They  readily  produce  pillared  clays  upon  hydrothermal  treat- 
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ment.  The  preparation  of  pillared  clays  involves  essentially  the  cation 
exchange  with  hydroxy  polymeric  cations  followed  by  dehydration  and 
dehydroxylation  of  the  polymeric  species  to  prop  the  layers  apart  with 
ceramic  oxide  pillars  in  the  interlay  ers.[1 29  J These  pillared  layers  are 
successfully  intercalated  with  transitional  metals.  Likewise,  the  hydrothermal 
technique  is  very  useful  for  stabilizing  the  metastable  phases.  Also,  for 
example,  the  water  rich  natural  phyllosilicates,  which  have  lower  thermal 
stability  can  be  made  more  stable  chemically  and  thermally  through  replace- 
ment of  (OH)-  groups  by  oxygen  atoms.  f13°l  By  these  means,  several 
phyllosiloxides  have  been  prepared  by  many  workers.1 131 1 

All  the  above  information  on  hydrothermal  technology  provides 
enough  support  for  the  growing  popularity  of  this  technique  for  materials 
synthesis,  crystal  growth,  and  materials  processing. 

The  scope  of  this  book  has  been  restricted  to  recent  developments 
under  each  one  of  the  applications  described  above  with  the  exception  of 
the  natural  hydrothermal  systems  which  are  not  within  the  perview  of  the 
present  handbook.  Although  we  have  given  the  historical  aspects  of  the 
technique  in  Ch.  2,  the  emphasis  has  been  focused  mainly  on  the  crystal 
growth  and  materials  processing  through  the  ages. 

This  chapter  clearly  reveals  the  fact  that  the  hydrothermal  tech- 
nique is  drawing  the  attention  of  scientists  from  different  branches  of 
natural  science.  The  future  of  this  technique  lies  in  this  kind  of  multi- 
disciplinary approach.  More  and  more  new  findings  and  applications  in 
this  field  are  not  only  contributing  to  the  scientific  knowledge  of  the 
hydrothermal  technique,  but  are  also  posing  new  problems.  The  role  of 
organics  in  hydrothermal  systems  for  example,  has  to  be  studied  more 
seriously,  which  would  definitely  twist  the  geological  thinking  to  a greater 
extent.  It  is  well  known  that  the  organics  in  hydrothermal  systems  not  only 
lead  to  the  formation  of  new  phases  or  new  structures,  and  stability  of 
metastable  phases,  but  can  also  bring  down  the  pressure  and  temperature 
conditions  of  crystallization.  In  nature,  we  can  expect  a very  wide  range  of 
chemical  components  including  hydrocarbons,  which  greatly  contribute 
to  the  crystallization  of  rocks,  minerals,  and  ore  deposits.  The  role  of  these 
organics  in  the  earth’s  crust  has  not  been  understood  properly  by  geoscien- 
tists in  the  context  of  thermodynamics,  and  kinetics  of  crystallization.  It  is 
expected  that  such  studies  will  definitely  propose  much  lower  temperature 
and  pressure  conditions  of  crystallization  for  various  rock  bodies,  and  add 
many  more  new  questions  to  experimental  petrology. 
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Thus,  the  future  of  hydrothermal  research  (both  crystal  growth  and 
materials  processing)  is  not  towards  higher  pressure  and  temperature  condi- 
tions, but  definitely  towards  the  lowering  of  the  pressure  and  temperature 
conditions,  which  will  facilitate  in  situ  observation.  This  will  also  provide 
new  stimuli  for  the  fabrication  of  simpler  (may  be  even  silica  and  composites 
based)  and  larger  autoclaves.  As  the  design  and  fabrication  of  the  autoclaves 
becomes  simpler  and  easier,  the  cost  will  automatically  go  down,  thereby 
making  them  more  attractive  to  specialists.  In  the  last  fifteen  years,  as  we  see 
from  the  statistics  discussed  earlier  in  this  chapter,  more  new  applications  for 
hydrothermal  technique  are  being  reported  continuously.  It  is  predicted  that 
it  will  merge  with  soft  solution  chemistry  and  soft  solution  processing  by 
being  more  compatible  with  biosphere.  It  will  come  out  as  an  important  tool 
for  the  development  of  advanced  materials  with  limited  resources  and  energy 
consumption.  These  materials  are  less  hazardous  to  living  species,  also 
environmentally  friendly  without  firing  or  sintering  at  ultrahigh  temperatures, 
or  melting  or  plasma  or  vaporizing.  Because  the  energy  consumed  in  attaining 
the  melt  or  vapor  or  plasma  conditions  is  very  high,  it  proves  to  be 
environmentally  unfriendly.  Hence,  the  future  of  hydrothermal  technology 
lies  in  promoting  the  lower  pressure  and  temperature  conditions  for  crystal 
growth  and  materials  processing.  We  have  made  an  attempt  to  expose  the 
reader  to  the  above  mentioned  aspects  of  hydrothermal  growth  and  materials 
processing  in  the  forthcoming  chapters. 
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History  of  Hydrothermal 
Technology 


2.1  INTRODUCTION 

In  the  ancient  times,  Romans  used  to  celebrate  the  year-end  and 
year-beginning  in  great  festivities  in  honor  of  the  God  Janus,  in  whose 
honor  the  month  January  is  named.  The  God  Janus  is  a deity  with  two 
heads:  one  looking  to  the  past  and  the  other  looking  to  the  future  (Fig. 
2.1).[11  Here,  we  have  made  a sincere  attempt  to  explore  and  review  the 
early  history  of  the  hydrothermal  technology  that  has  an  extremely  promis- 
ing future. 


Figure  2.1.  The  God  Janus. 
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As  mentioned  earlier,  Sir  Roderick  Murchison,  a British  Geolo- 
gist, was  the  first  to  use  the  term  hydrothermal  in  the  mid  19th  century J21 
The  first  publication  on  hydrothermal  research  appeared  in  1845  (Fig. 
2.2).  This  reports  successful  synthesis  of  tiny  quartz  crystals  upon  trans- 
formation of  freshly  precipitated  silicic  acid  in  Papin’s  digestor  by  K.  F.  E. 
Schafthaul.F]  Following  this,  mineralogists,  especially  from  France,  Ger- 
many, and  Italy,  started  synthesizing  various  other  minerals.  Although  the 
size  of  the  crystals  or  minerals  they  obtained  did  not  exceed  thousandths 
or  hundredths  of  a millimeter,  their  main  objective  was  to  create  or 
simulate,  in  the  laboratory,  the  natural  conditions  existing  in  the  earth’s 
crust.  If,  in  nature,  minerals  and  mineral  assemblages  were  formed  at 
elevated  temperature  and  pressure  conditions  in  the  presence  of  vola- 
tiles— mainly  water,  it  will  be  quite  impossible  to  simulate  the  natural 
conditions  or  processes  responsible  for  the  formation  of  rocks  and  miner- 
als except  under  the  hydrothermal  conditions.  Thus,  the  early  interest  in 
hydrothermal  research  was  merely  in  the  synthesis  of  a particular-  mineral 
or  in  obtaining  compounds  similar  to  natural  minerals  rather  than  to  carry 
out  any  systematic  investigation  pertaining  to  phase  relations  or  geochem- 
istry of  the  earth’s  interior.  Even  the  conditions  under  which  they  worked 
were,  in  general,  simple  and  sometimes  lacking  precision.  The  minerals 
obtained  by  the  earlier  workers  are  chiefly  those  which  are  stable  or  at  any 
rate,  phanerostable,  over  a wide  range  of  conditions,  for  example,  quartz, 
and  feldspar.  As  the  resultant  products  obtained  were  very  tiny,  accurate 
chemical  analysis  or  identification  of  the  phase  by  optical  microscopic 
methods  was  quite  doubtful  and  many  a times  led  to  speculations.  Besides, 
the  experiments  were  carried  out  in  glass  tubes  in  which  it  was  difficult  to 
attain  higher  pressure-temperature  conditions;  also  water  was  used  in  most 
cases  as  a solvent.  Therefore,  the  crystals  obtained  were  very  small,  and 
the  purity  of  the  crystals  could  not  be  studied  satisfactorily.  Most  of  the 
experiments  during  the  19th  century  under  hydrothermal  conditions,  with 
some  exceptions,  were  related  to  silicate  synthesis.  Therefore,  the  contri- 
bution from  the  glass  tubes  to  the  resultant  product  could  not  be  precisely 
understood.  After  the  introduction  of  steel  autoclaves  and  suitable  metal 
linings,  attempts  were  initiated  to  reach  higher  pressure-temperature  con- 
ditions to  obtain  other  compounds  and  purer  phases.  Flowever,  no  attention 
was  paid  to  the  chemistry  of  the  solvent,  the  frequent  appearance  of  the 
metastable  phases,  solubility  relations,  kinetics,  phase  equilibria  and  related 
phenomena.  Thus,  the  frequent  appearance  of  the  metastable  phases  also 
complicated  the  earlier  studies. 
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Figure  2.2.  The  first  publication  on  the  hydrothermal  research.  ( Courtesy  of  Prof. 
S.  Somiya.) 
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Most  of  the  work  on  hydrothermal  research  during  19th  century 
was  confined  only  to  Europe,  especially  to  the  Mineralogy,  Petrology,  and 
Geochemistry  laboratories  in  Germany,  France,  Switzerland,  and  Italy. 
Bunsen  (1845)  carried  out  the  hydrothermal  experiments  for  the  first  time 
using  thick  walled  glass  tubes  to  contain  high-temperature-high-pressure 
liquids  and  prepared  strontium  and  barium  carbonates. M Wohler  (1848) 
recrystallized  apophyllite  by  heating  apophyllite  in  water  solutions  at 
1 80-190°C  under  10-12  atm  pressured51  In  fact,  all  the  early  hydrothermal 
experiments,  until  1881,  were  carried  out  in  simple  glass  tubes  with  sealed 
ends,  of  course,  with  an  exception  of  one  or  two  attempts  with  steel  tubes. 
Even  the  term  hydrothermal  bomb  was  not  used  by  earlier  workers  and 
they  simply  referred  to  them  as  autoclaves  or  tubes.  The  greatest  contribu- 
tion in  the  19th  century  was  by  H.  De  Senarmont,  the  founder  of  hydro- 
thermal  synthesis  in  geoscience.  He  used  glass  tubes  containing  gel, 
Si09  and  H20,  HC1,  or  C09,  enclosed  in  steel  tubes,  and  heated  at  200- 
300°C.  The  resultant  product  was  a six-sided  quartz  prism  with  pyramidal 
termination. t6l  When  the  solution  contained  NaHC03,  C09  and  some 
realgar,  very  little  quartz  was  obtained.  It  was  probably  Daurree  (1857),  a 
French  mineralogist,  who  first  used  a steel  tube  to  synthesize  quartz  and 
wollastonite  at  about  400°C  with  water  as  a solvent.  The  most  important 
aspect  of  his  experiments  was  the  pressure  balance  he  introduced  for  the 
first  time.  The  stalling  substances  were  taken  in  a sealed  glass  tube  with 
water  as  a mineralizer,  and  this  glass  tube  was  placed  inside  a steel  tubed71 
The  space  between  the  glass  tube  and  steel  tube  was  filled  with  water.  He 
earned  out  a series  of  experiments  with  this  design  and  a varied  concentra- 
tion of  the  starting  materials  to  obtain  several  other  minerals.  Similarly,  he 
conducted  experiments  on  the  recrystallization  of  felspars,  micas,  and 
pyroxenes. 

Daurree’s  other  significant  contribution  was  his  attempt  to  use 
natural  hot  spring  water  from  Plombieres  as  a mineralizer  and  this  led  to  the 
deposition  of  a small  quantity  of  quartz  in  two  days’  time.  In  addition,  he 
treated  kaolin  with  Plombieres  water  under  hydrothermal  conditions  and 
obtained  felspar  and  a small  amount  of  quartz.  Here  it  is  interesting  to  note 
that,  after  the  discovery  of  hydrothermal  activity  in  the  deep  sea  on  the 
Galapagos  during  the  1970s,  active  research  is  going  on  using  the  natural 
submarine  hydrothermal  vent  fluid  to  study  the  origin  of  life  (organic 
synthesis).  This  led  to  the  establishment  of  the  relation  between  the  subma- 
rine hydrothermal  activity  and  rich  mineralization  of  a very  wide  spec- 
trum from  native  elements  to  sulphides,  oxides,  and  so  on. I81'!101  The 
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literature  survey  on  the  early  hydrothermal  research  shows  that  several 
attempts  were  made  to  transform  zeolite  minerals  and  kaoline  in  the  19th 
century, f51-11 11  but  it  was  only  during  1940  that  Barrer  succeeded  in 
synthesizing  for  the  first  time  zeolite,  that  is,  analcime,  using  the  hydro- 
thermal  technique.!12]  Although  Deville  St.  Claire  (1857)  attempted  to 
transform  bauxite  into  corundum  under  hydrothermal  conditions  using 
NaOH  as  mineralizer,  the  experimental  results  were  not  definite.  Perhaps 
he  was  the  first  one  to  use  a mineralizer  other  than  water.113]  In  fact,  many 
of  the  earlier  workers,  including  von  Chroustshoff,  found  that  the  glass 
tubes  they  were  using  were  frequently  attacked  under  hydrothermal  condi- 
tions. However,  they  do  not  mention  anything  about  precautions  taken  in 
this  regard,  as  they  were  more  concerned  in  obtaining  a product  corre- 
sponding to  some  natural  minerals.  During  1873,  von  Chroustshoff  first 
proposed  the  gold  lining  of  steel  autoclaves  to  prevent  corrosion.  By 
introducing  gold  lining  for  the  steel  autoclaves,  he  could  achieve  a tem- 
perature of  350°C  to  synthesize  tridymite  phase  of  quartz  and  increased 
experimental  duration.!151 

With  the  introduction  of  steel  autoclaves  along  with  noble  metal 
linings,  the  tendency  to  reach  higher  pressure-temperature  conditions  than 
the  usual  5 to  10  atm  began.  However,  majority  of  the  works  up  to  1880 
remained  pertaining  to  quartz,  felspar,  and  related  silicates.  Thus,  many  of 
the  earlier  authors  even  define  hydrothermal  technique  as  the  “one  used  in 
the  synthesis  of  silicates.”  In  1880,  Meunier  carried  out  an  experiment 
using  water  vapor  passed  over  A1C13  and  Mg  contained  in  an  open  tube, 
heated  to  a low  red  heat  and  obtained  mainly  spinel.  In  some  parts  of  the 
tube,  he  even  observed  tiny  crystals  of  periclase  and  corundum.!15] 

Followed  by  this  work,  Hannay  (1880)  claimed  to  have  synthesized 
artificial  diamond  by  the  hydrothermal  technique.!161  Similarly,  Moissan 
(1893)  also  claimed  to  have  synthesized  diamond  artificially  as  large  as  0.5 
mm  from  charcoal. 1171  Though  the  success  of  these  experiments  was 
treated  as  dubious,  they  certainly  provided  a further  stimulus  for  hydrothermal 
research,  particularly  the  development  of  high-pressure  techniques.  It  is 
interesting  to  note  that  the  results  of  some  of  these  earlier  works  were 
treated  as  dubious.  This  is  probably  in  connection  with  the  small  size  of 
their  resultant  products.  The  first  ever  large  size  crystals  obtained  by  the 
earliest  workers  was  that  of  hydrated  potassium  silicate,  which  was  about 
2-3  mm  long,  by  Friedel  and  Sarasin  (1881). 1181  In  this  case,  while 
growing  orthoclase  and  felspar,  hydrated  potassium  silicate  was  obtained 
as  an  additional  phase  containing  surplus  potassium  silicate.  Here  it  is 
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appropriate  to  quote  one  or  two  earlier  experiments  for  the  curiosity  of  the 
readers  and  to  show  their  experimental  conditions.  Chroustshoff  (1887) 
obtained  quartz  by  heating  a colloidal  solution  of  SiCf,  to  250°C,  almost 
every  day  for  6 months.  He  started  his  experiments  with  4 tubes,  3 of 
which  soon  burst.  Some  crystals  as  large  as  8 mm  long  and  3 mm  wide,  of 
type  of  vein  quartz  with  (1010),  (1011),  (0111)  faces  were  crystallized. 
Perhaps  this  is  the  first  systematic  work  on  the  growth  of  quartz.  Although, 
the  experimental  duration  was  quite  long,  almost  6 months,  he  could 
obtain  quartz  crystals  as  large  as  8 mm  long  and  3 mm  wide.1 191  In  another 
experiment,  Chroustshoff  ( 1 890)  used  a thick-walled  evacuated  glass  tube 
of  25  cc  volume,  containing  a mixture  of  colloidal  Si02  solution,  colloidal 
Fe(OH)3,  colloidal  Fe(OH)2,  lime  water,  freshly  precipitated  Mg(OH)2, 
and  several  drops  of  a NaOH-KOH  solution  which  he  heated  for  3 months 
at  550°C.  The  resultant  product  contained,  among  other  things,  long, 
thick,  dark-colored  prismatic  crystals  of  hornblende,  1 mm  long,  0.5  mm 
thick,  with  (010),  (110),  (Oil)  faces J201  The  most  interesting  point  to  be 
noticed  here  is  that  the  experimenter  obtained  a mineral  in  3 months  under 
hydrothermal  conditions  having  no  bearing  on  its  petrogenesis  and  no 
relation  to  any  known  equilibrium.  Morey  (1953)  quotes  this  as  a horrible 
experience  of  the  experimenter.!2 0 Here,  the  reader  should  notice  the 
duration  of  each  experiment  and  the  size  and  type  of  the  minerals  ob- 
tained. This  is  definitely  related  to  the  lack  of  knowledge  in  areas  of 
solvent  chemistry,  kinetics,  and  solubility  of  the  compound.  Despite  very 
low  growth  rates  achieved  in  the  19th  century,  the  earlier  workers  in 
hydrothermal  research  continued  to  synthesize  a very  wide  range  of 
mineral  species.  According  to  Morey  and  Niggli  (1913),  over  80  mineral 
species  are  supposed  to  have  been  synthesized  during  19th  century  J22]  The 
list  includes  quartz,  felspars,  mica,  leucite,  nephelite,  epidote,  hornblende, 
pyroxene  of  minerals  from  the  silicate  group  and  several  non-siliceous 
minerals  like  corundum  (A1203),  diaspore  (A1,03-H20),  and  brucite  (Mg 
(OH)2). 

For  the  sake  of  convenience,  the  authors  describe  the  further 
development  of  the  hydrothermal  research  in  coherence  with  the  auto- 
clave design,  development,  and  pressure-temperature  range.  It  is  well 
known  that  the  study  of  hydrothermal  processes  is  merely  the  study  of 
certain  aqueous  systems  at  high  temperature,  usually  near  to  and  often 
above  the  critical  temperature  of  pure  water,  therefore  considerable  amount 
pressures  are  developed  at  these  temperatures  by  water  or  aqueous  solu- 
tions. The  experimental  difficulties  of  such  a study  are  many,  but  are  largely 
connected  with  the  choice  and  control  of  working  conditions  and  the 
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selection  of  a suitable  autoclave  to  withstand  the  pressure  at  high  tempera- 
tures over  a long  period  of  time.  It  was  soon  after  Chroustshoff  (1873) 
proposed  the  gold  lining  for  the  steel  autoclaves  that  many  earlier  re- 
searchers began  to  work  on  new  designs  and  new  lining  materials  for 
autoclaves  to  obtain  the  most  ideal  conditions  for  the  synthesis  of  several 
high  temperature  oxide  minerals.  Probably  Friedel  and  Sarasin  (1881) 
termed  their  hydrothermal  autoclave  as  hydrothermal  bomb , because  of 
the  high  pressure  working  conditions  in  their  experiments.  08i  Obviously 
new  metals  and  alloys  available  during  that  time  were  tested.  For  example, 
De  Schulten  (1882)  even  used  a copper  bomb  to  synthesize  analcite  by 
heating  a mixture  of  sodium  silicate,  sodium  aluminate,  and  lime  water  at 
180°C  for  18  hours.I23l  Similarly,  Sir  Ramsay  and  Flunter  (1882)  used  a 
cast  iron  bombJ241  Bruhns  (1889)  used  steel  bombs  lined  with  platinum, 
with  a cover  held  down  by  bolts  and  made  tight  by  means  of  a copper 
washer,  which  was  protected  by  the  action  of  the  mineralizer  on  plati- 
num.[25]  Other  contemporary  workers  used  this  design.  Perhaps  the  sim- 
plest design  of  the  autoclave,  made  of  a nickeled  gun-barrel  or  silver  lined 
steel  tube  closed  by  a screw  cap  and  copper  washer,  was  developed  by 
Doetler  (1890).  Using  this  type  of  autoclave,  Doetler  has  done  an  exten- 
sive work  by  obtaining  several  mineral  recrystallized  species  like  chabazite, 
okenite,  heulandite,  analcite,  natrolite,  and  so  on.126  Flowever,  in  most  of 
these  works  from  1870s  to  1890s  using  the  above  mentioned  type  of 
autoclaves,  experimental  uncertainties  were  introduced  owing  to  the  lack 
of  a perfectly  tight  closure,  which  resulted  in  the  leakage  of  water,  thereby 
causing  variations  in  the  pressure  conditions  (and  hence  the  concentra- 
tion) of  water  during  the  course  of  experiments.  Friedel  (1891)  obtained 
corundum  crystals  by  heating  a solution  of  NaOFI  with  excess  of  A1203  at 
a higher  temperature  at  that  time,  530-535°CJ27 

Towards  the  end  of  19th  century,  Spezia  from  the  Torino  Academy 
of  Science  began  his  classical  work  on  the  seeded  growth  of  quartz.  FTis 
contribution  to  the  field  of  hydrothermal  research  is  remembered  even 
today.  Spezia  (1896)  found  that  plates  of  quartz  kept  at  27°C  for  several 
months  with  water  under  a pressure  1750-1850  atm  did  not  lose  its  weight 
and  also  showed  no  etch  figures.  Thus,  he  concluded  that  pressure  alone 
has  no  influence  on  the  solubility  of  quartz. [28]  Subsequently,  Spezia 
studied  the  action  of  Na2Si03  in  the  solubility  of  quartz  with  temperature. 
Fie  found  that  when  alkali  was  present  in  the  system,  SiCF,  separated 
out  as  quartz  and  the  rhombohedral  faces  of  the  quartz  were  easily 
attacked,  and  on  the  other  hand,  on  the  same  faces  were  the  greatest 
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depositions  of  Si02  from  Na2Si03  solutions.  The  more  rapid  growth  of  the 
quartz  crystals  along  the  c-axis  was  explained. 

During  the  19th  century,  much  work  was  done  on  the  geological 
side  of  hydrothermal  research  and  the  entire  work  was  confined  to  Europe, 
particularly  Germany,  France,  Italy,  and  Switzerland.  It  was  only  towards 
the  turn  of  19th  century  that  the  science  of  hydrothermal  technology  moved 
to  North  America,  which  was  assisted  by  the  American  Industrial  Revolu- 
tion. Further,  the  establishment  of  the  Geophysical  Faboratory  at  the 
Carnegie  Institute  of  Washington,  USA,  in  1907,  probably  marked  the  most 
important  milestone  in  the  history  of  hydrothermal  technology.  Although  a 
great  deal  of  research  was  carried  out  on  hydrothermal  technology  in  the 
19th  century,  the  facilities  for  large  scale  hydrothermal  research  before  the 
end  of  the  World  War  II  were  virtually  nonexistent,  except  the  Carnegie 
Institute  of  Washington,  where  Bowen  began  his  hydrothermal  research 
and  later  moved  to  the  University  of  Chicago,  Bridgman’s  high  pressure 
laboratory  at  Harvard  University  during  1940s  and  1950s,  Kennedy’s  at 
the  University  of  Chicago,  and  Tuttle’s  at  Penn  State  University.  This 
situation  dramatically  changed  with  the  development  of  the  test  tube  type 
pressure  vessel  by  Tuttle  in  which  high  pressures  up  to  5 kbar  could  be 
maintained  at  temperatures  of  750°C  for  a long  period  of  time.  However, 
before  going  into  the  contributions  of  these  great  personalities,  we  shall 
discuss  the  early  contributions  during  the  turn  of  the  19th  century  and  the 
beginning  of  20th  century.  As  mentioned  earlier,  the  entire  activity  on 
hydrothermal  research  was  concentrated  in  Europe  and  there  was  no 
activity  in  North  America  or  Asia,  including  Japan,  China,  India,  and 
Taiwan,  which  are  included  today  in  the  top  ten  countries  actively  engaged 
in  hydrothermal  research.  Perhaps  the  first  North  American  published 
work  on  hydrothermal  research  was  by  Bams  (1898),  who  essentially 
worked  on  the  impregnation  of  glass  with  water  to  such  an  extent  that 
it  melted  below  200°C.  He  used  steel  bombs  for  these  experiments. I3°l 
Subsequently,  Allen  (1906)  obtained  very  fine  quartz  crystals  by  heating 
a solution  of  MgClv6NH4Cl  and  Na9Si03  for  3 days  at  400-450°C. 
Also,  large  crystals  of  2 mm  long,  often  barrel  shaped  with  short  rhombo- 
hedral  terminal  faces,  were  obtained.  Allen  used  steel  bombs  closed  by 
a Cu  disc  held  in  place  by  a screw  on  steel  cap,  used  either 
MgClv6NH4Cl  solutions  or  a mixture  of  MgCl2  solution  with  NaHC03, 
and  either  amorphous  SiO,  or  Na2Si03,  heated  for  3 to  6 days  at  375- 
475°C  to  obtain  magnetite,  quartz,  fosterite,  etc.131 1 However,  the  early 
American  hydrothermal  research  was  carried  out  using  the  autoclaves  of 
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European  designs.  Around  the  turn  of  the  century,  it  was  again  the  German 
workers  who  were  active  in  the  field  of  new  designs,  especially  Tammann 
and  Boeke  from  Tottingen  who  carried  out  extensive  studies  with  refer- 
ence to  many  carbonate  and  silicate  reactions  in  the  newly  designed 
bombs  at  higher  pressure  and  temperature  conditions  with  CO,  pres- 
sured32! Perhaps  this  is  the  beginning  of  the  solvothermal  research,  al- 
though the  term  solvothermal  was  introduced  by  French  chemists  in 
197  U33l  The  autoclaves  used  by  Tammann  and  Boeke  were  all  heavy  steel 
vessels  10"  diameter,  18"  long,  with  soft  metal  gaskets  which  formed  the 
seal  when  compressed  by  a set  of  radially  deployed  screws  and  nuts.  The 
heating  was  internal  with  a resistance  furnace. 

With  the  establishment  of  the  geophysical  laboratory  in  Carnegie 
Institute  of  Washington,  USA,  Bowen  established  a fine  hydrothermal 
research  laboratory.  Obviously,  all  the  major  contributions  to  the  field  of 
hydrothermal  research  from  USA  in  the  early  20th  century  are  solely  from 
this  laboratory  and  have  received  worldwide  recognition.  Bowen  took  up  a 
systematic  study  of  the  phase  equilibria  in  high  temperature  silicate  sys- 
tems and,  around  the  1920s,  he  framed  the  most  important  petrologic 
principle,  viz.  Bowen’s  Reaction  Principle,  shown  in  Fig.  2. 3. 1341 

These  ideas  of  Bowen  have  been,  without  question,  one  of  the  rare 
landmarks  in  the  history  of  petrology.  The  main  opposition  for  this  principle 
was  that  the  extrapolation  of  experimental  phase  equilibrium  results  was 
based  on  the  data  he  obtained  from  systems  made  from  relatively  few  and 
chemically  pure  components  to  natural  systems.  Subsequently,  Bowen 
continued  his  research  in  this  field,  worked  on  several  complex  systems,  and 
revised  his  earlier  proposed  reaction  series  slightly.  While  Bowen  was 
working  on  the  petrologic  problems,  Morey,  Niggli,  and  Fenner  were  actively 
studying  the  silicate  systems  with  water  as  one  of  the  components.  Morey 
first  designed  a simple,  gasketed,  sealed  steel  autoclave  of  25  to  100  ml 
volume  in  the  year  19 13.  It  became  very  popular  because  of  its  simplicity  and 
ease  to  handle.  Eater,  the  autoclave  that  bore  his  name  was  widely  used  for 
working  up  to  the  temperature  of  450°C  and  2 kbar  pressured35!  The  details 
of  the  design  and  construction  are  discussed  in  Ch.  3.  The  first  American 
autoclave  designs  were  those  of  Adams  and  Smyth,  again  from  Geophysical 
Faboratory  of  Carnegie  Institute  of  Washington  in  1923d36!  which  later  led  to 
the  modified  versions  by  Goranson  in  193 1 d37]  Figure  2.4  shows  the 
schematic  diagram  of  the  autoclave  design  of  Adams  and  Smyth.  Before  the 
development  of  these  autoclaves,  hydrothermal  research  was  confined  only 
to  lower  pressure  and  temperature  limits  because  the  externally  heated 
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vessels  failed  as  a result  of  creep  and  oxidation  of  the  alloy  used.  On  the 
other  hand,  the  pressure  vessels  designed  by  Adams  and  Smyth  were 
internally  heated  and  externally  cooled  by  circulating  water.  These  devel- 
opments in  the  1920s  are  regarded  as  important  milestones  in  hydrother- 
mal research.  They  set  a new  trend  in  search  of  new  alloys,  and  extended 
pressure  and  temperature  limits.  Using  this  set  up,  Goranson  (1931) 
carried  out  a systematic  study  pertaining  to  the  solubility  of  water  in  a 
liquid  having  the  composition  of  the  Stone  Mountain  Granite,  and  this 
investigation  was  considered  as  the  most  outstanding  advancement  in  the 
application  of  hydrothermal  laboratory  studies  to  petrologic  problems. 
The  driving  forces  for  the  volcanic  activity  were  related  to  the  crystalliza- 
tion of  hydrous  silicate  liquids. [37] 
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Figure  2.4.  Schematic  diagram  of  the  autoclave  design  of  Adams  and  Smyth.136! 

During  this  time,  hydrothermal  research  began  in  Eastern 
Europe  and  Asia  on  a small  scale,  and  much  later  in  China  and  India — 
maybe  after  the  Second  World  War.  Here  the  reader  should  observe  that 
the  hydrometallurgy  was  quite  an  established  field  of  research  in  many 
countries  in  Europe,  North  America,  Eastern  Europe,  and  Asia,  particu- 
larly after  the  discovery  of  bauxite  leaching  by  Karl  Josef  Bayer  (1871- 
1908). [38]  While  writing  the  history  of  hydrothermal  technology,  the 
authors  paid  more  attention  to  crystal  growth  and  materials  science  rather 
than  metallurgy  or  metal  extraction.  Therefore,  historical  references  are 
not  made  for  hydrometallurgical  processes.  As  the  authors  of  this  mono- 
graph are  from  Japan  and  India,  a brief  history  of  the  hydrothermal 
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research  in  these  two  countries  is  given.  Today,  Japan  is  the  second 
most  active  country  in  the  world  for  hydrothermal  research  next  to  the 
USA,  and  India  stands  in  the  9th  position  next  to  Taiwan,  with  respect 
to  the  hydrothermal  research  in  Materials  Science  (Fig.  1.12).  If  the 
hydrothermal  research  in  geological  science  is  also  included,  India’s 
position  goes  up  to  the  7th  place  (based  on  the  statistics  prepared  from 
Chemical  Abstracts,  Science  Citation  Index  and  INSPEC  data  bases 
from  1989  to  1997).  More  details  on  the  statistics  can  be  obtained  from 
Ch.  1.  According  to  Prof.  Shigeyuki  Somiya,l39i  in  Japan  the  hy- 
drothermal work  was  first  initiated  in  1926  by  Dr.  Tominosuke  Katsurai, 
and  the  work  was  related  to  hydrometallurgy.  Fie  worked  on  the  soda 
treatment  of  aluminum  ore  through  hydrothermal  extraction.  Follow- 
ing this.  Prof.  Shoichiro  Nagai  reported  the  synthesis  of  calcium 
silicate  in  1931 ,14°]  Perhaps  this  was  the  beginning  of  hydrothermal 
synthesis  in  Japan.  Before  going  into  the  further  developments  which 
took  place  during  the  World  War  period,  let  us  discuss  briefly  the 
progress  achieved  by  the  earliest  workers  of  20th  century  in  the  area  of 
hydrothermal  phase  equilibrium  studies. 

Pioneers  like  Bridgman,  Cohen,  Morey,  Niggli,  Fenner,  and  Bowen 
in  the  early  20lh  century  changed  the  scenario  of  hydrothermal  research. 
They  carried  out  an  impressive  amount  of  basic  research  along  with  their 
European  counterparts,  especially  Tammann.  Much  of  this  early  work  was 
concerned  with  the  setting  up  the  pressure  scale  and  testing.  The  results 
were  predicted  from  thermodynamics.  Flowever,  the  total  research  effort 
was  small  and  the  study  passed  into  a period  of  dormancy  except  for  phase 
equilibria  studies  in  some  systems  relevant  to  the  natural  systems.  This 
was  connected  with  the  need  for  materials  with  a combination  of  high 
strength  and  corrosion  resistance  at  high  temperatures.  Thus,  the  interest 
was  again  mostly  geological,  and  the  bulk  of  research  is  from  the  geological 
science  side.  It  is  fortunate  for  chemical  science  that  most  of  the  early 
geological  workers  appreciated  the  necessity  for  considering  very  simple 
chemical  systems  before  there  was  any  hope  of  understanding  complexi- 
ties of  natural  systems.  Thus,  the  early  work  of  Geophysical  Laboratory  of 
the  Carnegie  Institute  of  Washington  was  heavily  biased  towards  pure 
chemistry.141 1 

Here  it  is  appropriate  to  discuss  one  or  two  important  systems 
studied  in  early  20th  century.  Perhaps  the  first  systematic  and  pioneering 
study  of  the  hydrothermal  system  began  with  the  publication  of  the  work  on 
the  ternary  system  H90-K0Si03-Si02  by  Morey  and  Fenner  (191 7).|42i 
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This  work  gives  a more  precise  account  of  the  pressure  and  temperature 
conditions  throughout  the  experiment.  Besides,  nutrient  materials  were 
prepared  from  highly  pure  substances  and  consequently  the  composition 
of  the  charges  used  in  each  experiment  was  precisely  known.  The  paper 
carried  great  significance  to  geological  science  as  it  demonstrated  clearly 
the  possibility  of  a complete  solubility  between  anhydrous  silicate  phases 
and  water,  which  in  turn  assisted  in  framing  a mechanism  for  pegmatite 
crystallization  in  the  presence  of  a volatile.  Morey  and  Fenner  (1917) 
studied  this  system  from  200°C  to  >1000°C.[42]  The  work  comprises  of  the 
determination  of  the  composition  and  properties  of  the  various  stable  solid 
phases  which  can  coexist  with  solution  and  vapor  within  the  above  tem- 
perature range,  of  the  composition  of  the  solutions  in  equilibrium  with  the 
solid  phases,  of  the  change  in  composition  of  these  solutions  with  tempera- 
ture, and  the  approximate  determination  of  the  corresponding  3-phase 
pressures.  Morey  and  Fenner  used  the  famous  Morey  autoclave  in  all  their 
work  on  phase  equilibria  studies  in  different  systems.  The  isothermal 
polybaric  saturation  curves  and  the  isobaric  polythermal  saturation 
curve  at  1 atm  pressure  of  FI20  vapor  is  shown  in  Fig.  2.5. 


Figure  2.5.  The  isothermal  polybaric  saturation  curves  and  the  isobaric  polythermal 
saturation  curve  at  1 atm  pressure  of  H20  vapor.1421 
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The  most  significant  aspect  of  this  work  is  that  a new  trend  can  be 
observed  here  with  reference  to  the  theoretical  relations  governing  the 
equilibrium  in  binary  and  ternary  systems  containing  a volatile  component, 
and  a short  discussion  of  the  proper  application  of  the  term  solubility. 
Besides  Morey  and  his  group,  another  group  from  the  same  laboratory  led 
by  Bowen  was  very  active  during  that  time.  The  study  of  thep-v-t  relations 
of  water  became  popular  during  the  late  1920s.  The  works  of  van 
Nieuwenburg  and  Blumendahl  (1932)  followed  by  Keenan  and  Keyes  are 
the  most  significant  ones.14311441  Later,  Kennedy  (1950)  oriented  his  famous 
PVT  data  on  water. i45i  The  Kennedy’s  diagram  is  shown  in  Fig.  2.6. 


TEMPERATURE  IN  DEGREES  CENTIGRADE 


Figure  2.6.  PVT  diagram  of  water. [45] 


Hitherto,  the  hydrothermal  researchers  were  quite  satisfied  with 
the  synthesis  of  inorganic  compounds  which  resembles  or  which  is  similar 
to  natural  mineral.  They  did  not  bother  much  about  the  size  of  the  crystals 
obtained.  The  growth  rate  was  extremely  low  because  of  the  lack  of 
accurate  knowledge  on  the  proper  solvent,  and  with  such  slow  growth 
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rates,  the  hydrothermal  research  was  less  promising.  Only  a few  number 
of  people  were  engaged  in  this  research  studying  the  phase  relations  in 
various  systems  including  that  of  water,  and  the  interest  was  mainly  on 
Geoscience.  However,  when  Brazil  imposed  an  embargo  on  the  supply  of 
high  purity  quartz  which  was  a strategic  material  for  the  telecommunica- 
tions purpose  during  the  second  world  war,  hydrothermal  researchers 
began  to  think  seriously  about  the  growth  rate  of  crystals.  At  that  time, 
Brazil  was  the  only  country  in  the  world  for  the  source  of  electronic  grade 
natural  quartz,  and  even  today,  the  situation  is  the  same.  Thus,  the  crisis 
owing  to  the  shortage  of  pure  quartz  forced  many  researchers  to  jump  into 
the  field  of  hydrothermal  research  with  a sole  objective  of  growing  large 
size  single  crystals  of  quartz.  Many  countries  like  the  USA,  UK,  Ger- 
many, and  the  erstwhile  Soviet  Union  were  into  the  field  and  the 
success  achieved  was  immense.  Therefore,  the  period  from  the  late 
1930s  to  1940s  is  referred  to  as  the  “golden  period”  in  the  hydrother- 
mal research,  not  only  because  of  the  enhanced  research  activity,  but 
also  because  of  the  many  new  discoveries  with  reference  to  autoclave 
designs  and  other  important  technological  materials. 

The  authors  feel  that  it  is  highly  appropriate  to  discuss  briefly  the 
historical  contribution  made  by  the  German  hydrothermal  researchers  with 
reference  to  the  increased  growth  rate  and  growth  of  large  size  single 
crystals  of  quartz.  In  contrast  to  the  slow  rate  of  growth  achieved  by  the 
earliest  workers  like  De  Senarmont  and  Spezia,  the  captured  German 
reports  show  that  Nacken,  using  natural  alpha-quartz  as  seed  crystals  and 
vitreous  silica  as  the  nutrient,  had  grown  quartz  crystals  in  an  isothermal 
system  and  had  succeeded  in  obtaining  large  single  crystals  of  quartz  from 
a small  seed.146  Prof.  Richard  Nacken  (1884  to  1971)  worked  on  the 
synthesis  of  various  minerals  from  1916  onwards,  but  left  this  field.  In  1927 
or  1928,  he  started  working  only  on  the  hydrothermal  growth  of  quartz 
crystals.  On  Nacken’s  work.  Sawyer  writes  (cited  by  Bertaut  and  Pauthenet, 
1957)  that,  “...Nacken  made  quartz  crystals  of  1"  diameter  by  using 
hydrothermal  method  and  the  conditions  are  given  as. . followed  by  some 
biographical  data.  Similarly,  Nacken’s  emphasis  on  the  quartz  growth  has 
also  been  documented  by  Sawyer.  Almost  at  the  same  time,  Nacken  made 
emerald  single  crystals  by  the  hydrothermal  method  and  also  beryl  or 
corundum  crystals  for  watch  bearings.  He  prepared  a large  number  of 
synthetic  emeralds  by  using  a trace  of  chromium  to  produce  the  color  and 
could  obtain  hexagonal  prisms  of  emerald  weighing  about  0.2  gm  in  a few 
days.1471  However,  much  of  the  work  carried  out  by  Nacken  during  late 
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1930s  and  1940s  remained  as  intelligence  reports  since  he  could  not 
publish  much.1481  During  1950,  Nacken  published  his  work  on  quartz  that 
remains  a classic  even  today 449]  Figure  2.7  shows  a photograph  of  the 
quartz  crystals  obtained  by  Nacken. [49!  As  mentioned  earlier,  Doetler  was 
the  first  one  to  use  closed  nickeled  gun-barrel  autoclaves,  way  back  in 
1890.  It  attained  its  prominence  during  World  War  II  when  several 
laboratories  from  many  countries  began  working  on  the  growth  of  large 
size  crystals  of  quartz.  This  is  also  partly  connected  to  the  availability  of 
alloys  containing  Mo  and  other  important  metals,  which  provided  better 
strength  to  the  alloys.  Many  countries  attempted  to  grow  large  single 
crystals  of  quartz  using  old  cannon  barrels  with  closed  ends  during  early 
1940s.  In  this  regard,  the  contributions  of  Lobachev  and  Shtenberg  are 
important.  By  the  mid  1940s,  many  laboratories,  particularly  from  the 
USA,  Germany,  Russia,  and  the  UK,  were  actively  engaged  in  the  growth 
of  large  quartz  crystals.  At  this  time,  Tuttle  (1948)  designed  a cone-in- 
cone  seal  for  a small  vessel  with  no  threads  to  seize.  However,  the  Tuttle 
apparatus  could  not  achieve  high  pressure  and  temperature  conditions,  and 
it  did  not  become  very  popular.  i5°i 


Figure  2.7.  Photographs  of  the  quartz  crystals  obtained  by  Nacken.149! 
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Later,  Rustom  Roy  modified  another  vessel  that  had  been  de- 
signed by  Tuttle  but  never  exploited.  It  proved  to  be  much  simpler  and 
highly  versatile.  This  modification  by  Roy  is  popularly  known  as  the  “test- 
tube  bomb,”  which  is  made  up  of  Hastelloy;  Rene  41;  Stellite  25  or 
Udimet,  with  1-1  Vi  o.d.  x 8"  long,  having  a 3/i6"-W  diameter  hole  drilled 
down  to  Vi"  of  the  bottom.  It  was  threaded  at  one  end  and  closed  at  the 
other.  151]  A more  detailed  description  of  the  design  and  construction  of  this 
autoclave  is  given  separately  in  Ch.  3.  The  greatest  advantage  of  this  test- 
tube  bomb  was  not  only  the  ease  of  operation,  but  also  a large  number  of 
such  vessels  could  be  served  by  one  pressure  source.  This  integrated 
system  of  several  vessels,  each  with  its  own  gauge  with  one  pressure 
generator,  became  a standard  hydrothermal  laboratory  apparatus.  Figure 
2.8  shows  a picture  of  such  an  assembly  of  10  autoclaves  of  test-tube  type, 
with  one  pressure  generator  source,  operating  simultaneously. 


Figure  2.8.  Picture  of  an  assembly  of  10  autoclaves  in  the  laboratory  of  K.  Byrappa. 
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Many  laboratories  throughout  the  world  have  this  apparatus  for 
studies  concerning  phase  equilibria,  materials  synthesis,  crystal  growth, 
particles  preparation,  materials  processing,  diamond  synthesis,  and  so  on. 
The  recent  modifications  of  these  test-tube  bombs  have  been  extended 
further  for  higher  pressure  and  temperature  conditions.  The  credit  goes  to 
the  pioneers  of  this  apparatus,  Tuttle,  Roy,  and  Licastro,  who  could  set  up 
a Tern-Press  Company  to  manufacture  these  autoclaves  at  Penn  State 
University.  Thus,  during  the  1950s,  the  trend  in  hydrothermal  research  was 
towards  the  development  of  new  designs,  again  to  attain  higher  pressure 
and  temperature  limits  with  the  better  alloys  available.  This  also  led  to  the 
study  of  phase  relations  in  several  systems  within  a broader  pressure- 
temperature  range.  In  this  regard,  the  contribution  of  Kennedy  (1950), 
Morey  and  Hesselgesser  (1951),  Tuttle  and  England  (1955),  and  Della  Roy 
and  Rustom  Roy  (1956)  are  very  important. [52H54]  The  Si02-H20  system 
was  studied  in  great  detail.  Followed  by  this,  many  other  laboratories  in 
Europe,  North  America,  erstwhile  Soviet  Union,  and  Japan  took  up  the 
study  of  phase  equilibria  in  several  simple  and  complicated  systems. [55] 
These  studies  laid  a firm  foundation  for  the  ceramists  and  physical  chem- 
ists, after  many  years,  to  develop  a new  technology.  At  this  time.  Prof. 
Yamasaki,  Prof.  Kumitomi,  Prof.  Ohara,  and  Dr.  Akitsu  were  doing  an 
excellent  work  in  hydrothermal  research  in  Japan.  Some  of  them  were 
closely  associated  with  the  industries  like  Toyo  Communication  Co.  Ltd. 
and  Nippon  Dempa  Co.  Ltd.,  which  resulted  in  the  successful  growth  of 
large  size  quartz  single  crystals.  Though  they  started  in  a very  small  way 
during  the  postwar  period,  Japan  is  now  the  largest  producer  of  commer- 
cial quartz  in  the  world.  Japan  alone  produces  >50  % of  the  world’s  annual 
production,  it  has  the  largest  autoclaves  in  the  world.1561  Figure  2.9  shows 
the  quartz  crystals  obtained  by  Walker  during  1950s. [571 

Figure  2. 10  shows  the  quartz  crystals  obtained  at  AT&T  Bell  Labs 
during  the  1970s, l58l  and  Fig.  2.1 1 shows  the  growth  of  quartz  crystals  in 
the  world’s  largest  autoclave  located  at  the  Toyo  Communication  Co.  Ltd., 
in  Japan  during  the  1980s  J56l  In  one  experimental  run,  about  4000  to  4500 
kg  of  quartz  is  produced.  The  early  success  in  producing  commercial 
quartz  crystals  in  Japan  during  the  postwar  period  paved  the  way  for 
several  others  in  the  field.  Some  prominent  ones  are  Prof.  T.  Noda,  Prof. 
Doirnon,  Prof.  R.  Kiyoora,  and  Dr.  Y.  Itoh.  When  the  North  American 
laboratories  were  concentrating  mainly  on  the  development  of  new  designs 
of  autoclaves,  the  study  of  phase  equilibria,  and  commercial  production  of 
quartz,  Japan  concentrated  essentially  on  the  growth  of  quartz  crystals,  and 
achieved  its  goal  in  becoming  the  world’s  largest  producer. 
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Figure  2.9.  Quartz  crystals  obtained  by  Walker.  [571 
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Figure  2.10.  Quartz  crystals  obtained  at  AT&T  Bell  Labs.  (Photo  courtesy  ofR.  A. 
Laudise.) 
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Figure  2.11.  Growth  of  quartz  crystals  in  the  world’s  largest  autoclave.  (Photo 
courtesy  of  Dr.  Taki.) 
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The  study  of  ternary  and  other  more  complex  systems  during  the 
1950s  was  very  important,  not  only  from  the  point  of  view  of  geological 
science,  but  also  from  the  inorganic  chemistry  point  of  view,  as  several 
new  compounds  which  were  hitherto  unknown  or  not  found  in  nature  could 
be  crystallized.  Some  of  the  important  systems  studied  under  this  category 
are:  Mg0-Si09-H90,  Al903-Si09-H90,  Ba0-Al903-H20,  Sr0-Si02-H20, 
K20-Si09-H20,  Na20-Si09-H20,  Ca0-Si09-H90,  Ca0-Al903-H20, 
Ca0-Al903-Si09-H90,  and  so  on.  More  accurate  phase  equilibria  data 
were  obtained  for  the  earlier  studied  systems.  At  this  time  many  laborato- 
ries in  the  erstwhile  Soviet  Union  attained  a special  prominence  and  led  to 
the  rapid  growth  of  this  branch  of  science  not  only  in  terms  of  laboratories, 
but  also  in  terms  of  research  personnel. 

At  one  time,  in  the  erstwhile  Soviet  Union  there  were  more  than 
1000  researchers  in  this  field.  During  the  1960s,  an  intensive  study  of  the 
hydrothermal  process  of  synthesis  and  growth  of  single  crystals  which  did 
not  have  the  analogues  in  nature  began.  During  the  1970s,  there  was  a 
quest  for  the  search  and  the  growth  of  hitherto  unknown  compounds  of 
photo-semiconductors,  ferromagnets,  lasers,  piezo-  and  ferroelectric s and, 
in  this  regal'd,  hydrothermal  technology  attracted  a great  attention.  Many 
other  nations,  including  China  and  India,  got  into  the  field  of  hydrothermal 
growth  of  crystals.  Several  established  laboratories  in  the  world  began  to 
study  systematically  various  aspects  of  the  hydrothermal  growth  of  crys- 
tals such  as  the  physicochemical  principles,  kinetics,  designing  new  appa- 
ratus, growing  new  compounds,  and  so  on.  This  marks  a significant  change 
in  the  trend  of  hydrothermal  research.  Specific  aspects  of  the  hydrother- 
mal method  as  a modeling  tool  to  understand  the  natural  processes  of 
mineral  formation  changed  dramatically  into  an  important  method  charac- 
teristic for  inorganic  chemistry.  During  the  early  1980s,  a new  sealing  for 
the  autoclave  was  designed,  that  is,  Grey-Loc sealing,  which  facilitates  the 
construction  of  the  very  large  size  autoclaves  with  a volume  of  5000 
liters. [591  The  world’ s largest  autoclave  is  located  in  Japan  works  with  such 
a Grey-Loc  sealing  mechanism.  The  details  of  the  sealing  mechanism  is 
discussed  in  Ch.  3. 

Towards  the  end  of  the  1970s,  on  the  whole,  the  hydrothermal 
field  experienced  a declining  trend  for  two  reasons:  there  was  no  scope  for 
further  work  on  the  growth  of  large  size  single  crystals  of  quartz  on  the  one 
hand,  and  on  the  other  hand,  large  scale  attempts  to  grow  bigger  crystals  of 
other  compounds  investigated  during  the  1960s  and  1970s  failed.  It  was 
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unanimously  decided  that  the  hydrothermal  technique  is  not  suitable  for 
the  growth  of  large  crystals  other  than  quartz.  The  focus  at  this  time  was  on 
Czechrolskii,  MOCVD,  and  MBE.  This  is  largely  connected  to  the  general 
approach  of  the  hydrothermal  researchers  to  grow  large  single  crystals 
without  looking  into  the  hydrothermal  solvent  chemistry  and  kinetics  of  the 
crystallization  process.  Although  Franck  started  working  on  the  study  of 
the  behavior  of  electrolytic  solutions  with  temperature  and  pressure  condi- 
tions way  back  in  the  1950s, [6°k61]  it  did  not  attract  the  hydrothermal 
researchers’  attention  immediately.  They  thought  that  the  conditions  under 
which  Franck  worked  were  confined  to  the  lower  pressure  and  tempera- 
ture conditions,  whereas  the  hydrothermal  technique  actually  belonged  to 
the  higher  pressure  and  temperature  conditions  at  least  until  recently.  In 
fact,  Ballman  and  Laudise,  in  their  famous  article  published  in  the  book:  Art 
and  Science  of  Growing  Crystals  edited  by  Gilman,  write  that  “crystal 
growth  is  more  an  art  than  science.”!62^  However,  the  Nobel  Symposium 
organized  by  the  Swedish  Academy  of  Sciences,  during  September  17-21, 
1979,  on  “The  Chemistry  and  Geochemistry  of  Solutions  at  High  Tempera- 
tures and  Pressures”  is  remembered  as  an  eye  opener.  The  presence  of 
pioneers  in  the  field  of  hydrothermal  physical  chemistry  like  Franck, 
Seward,  Helgeson,  Pitzer,  and  so  on,  drew  the  attention  of  hydrothermal 
crystal  growers  and  a new  trend  was  set  to  look  into  the  hydrothermal 
solvent  chemistry  and  the  physical  chemistry  of  the  hydrothermal  sys- 
tems. 163]-[66]  following  this,  Japan  organized  the  first  ever  International 
Hydrothermal  Symposium  during  April  1982,  which  was  attended  largely 
by  specialists  from  different  branches  of  science  like  physical  chemistry, 
inorganic  chemistry,  solid  state  physics,  materials  scientists,  organic  chem- 
ists, hydrometallurgists,  hydrothermal  engineers,  etc.167  This  is  the  dawn  of 
modern  hydrothermal  research.  Since  then,  new  avenues  in  the  field  of 
hydrothermal  research  are  being  explored.  The  modeling  of  the  hydrother- 
mal systems,  study  of  the  hydrothermal  crystallization  mechanism,  thermo- 
dynamics and  kinetics  of  the  reactions  began.  New  designs  of  the  reactors 
to  suit  the  specific  requirements  of  research  into  areas  like  crystal  growth 
and  materials  processing  were  developed.  Unfortunately,  this  period  also 
marks  the  fall  of  the  Russian  domination  in  the  field  of  hydrothermal 
research.  Japan  emerged  as  a leader  in  hydrothermal  research  on  par  with 
the  US.  The  decade-wise  evolution  of  the  hydrothermal  research  with 
regal'd  to  its  objective  and  apparatus  used  is  given  with  appropriate 
remarks  in  Table  2.1. 
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Table  2.1.  Evolution  of  Hydrothermal  Technology  with  Time 


Period 

Focus 

Equipment 

Remarks 

1850-1900 

Mineral  synthesis, 
imitation  of  natural 
conditions 

Simple  reactors, 
glass  reactors, 
digestors 

Lower  growth 
rate,  tiny 
particles, 
geological 
interest 

1900-1940 

Mineral  synthesis, 
improvement  in  PT 
conditions,  German 
domination 

Morey  autoclaves, 
flat  closures 

Lower  growth 
rate,  silicates, 
carbonates, 
Germany,  Russia, 
France,  USA, 
geological 
interest 

1940-1950 

Large  size  and  large 
scale  production  of 
quartz,  beginning 
of  zeolites,  clays, 
and  micas 

Test-tube  type 
(cold-cone-sealed), 
welded  closure 
modified  Bridgman 
type 

Cold-cone-seal 
type  autoclaves 
made  revolution, 
PVT  diagrams 
systems 

1950-1960 

Phase  diagrams  for 
natural  systems 

Morey,  Tuttle-Roy, 
welded  closures, 
modified  Bridgman 

The  dawn  of 
modern  hydro- 
thermal  research 

1960-1970 

Synthesis  of 
technological 
materials,  new 
inorganic  com- 
pounds without 
natural  analogues 

New  designs  from 
USSR,  commercial- 
ization of  the  auto- 
claves, improved 
sealing,  larger  size 
of  the  autoclaves 

Russian  School 
dominated, 
Japanese  labs 
appeared 
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Table  2.1.  (Cont’d.) 


Period 

Focus 

Equipment 

Remarks 

1970-1980 

A variety  of  new 

New  designs. 

Appearance  of 

materials  synthesis. 

improved  PT  con- 

many hydro- 

ceramic  processing 

ditions,  Grey-Loc 

thermal  labs  in 

in  a bigger  way, 

sealing.  Large 

several  countries 

advanced  materials 

autoclaves 

1980-1990 

Decline  in  interest 

Japan  organized 

on  hydrothermal 

1st  Int.  Conf. 

research.  Import- 

Hydrothermal 

ance  of  the  tech- 

Reactions. Be- 

nique in  materials 

ginning  of  the 

science,  physical 

entry  of  physical 

chemistry  of 
hydrothermal 
solutions 

chemists 

>1990 

Diversification  of 

Design  of  new 

Entry  of  organic 

hydrothermal  tech- 

reactors to  suit 

chemists,  envi- 

nique, age  of 

the  specific 

ronmental  sci- 

solvo-thermal, 

applications:  batch 

entists,  fall  in 

physical  chemistry 

reactors,  flow 

Russian  domina- 

of hydrothermal 

reactors,  and  so 

tion  and  begin- 

solutions 

on. 

ning  of  the  Japa- 
nese domination 

Today,  the  hydrothermal  technique  is  being  applied  widely  by 
various  specialists  from  different  branches  of  science  including  organic 
chemistry,  biochemistry,  biotechnology,  food  and  nutrition,  environmental 
safety,  and  so  on,  as  shown  in  Fig.  1.9.  These  developments  in  hydrothermal 
research  form  the  main  theme  of  this  book. 
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3.1  INTRODUCTION 

Advances  in  any  scientific  field  of  research  depend  largely  on  the 
equipment  available.  Crystal  growth  or  materials  processing  under  hydro- 
thermal  conditions  requires  a pressure  vessel  capable  of  containing  highly 
corrosive  solvent  at  high  temperature  and  pressure.  Experimental  investi- 
gations under  hydrothermal  conditions  require  facilities  that  must  operate 
routinely  and  reliably  under  extreme  pressure-temperature  conditions. 
Thus,  the  experimenter  has  to  face  a variety  of  difficulties,  and  often, 
peculiar  problems  pertaining  to  the  design,  procedure,  and  analysis. 

Designing  a suitable  or  ideal  hydrothermal  apparatus,  popularly 
known  as  an  autoclave,  is  the  most  difficult  task,  and  perhaps  impossible  to 
define,  because  each  project  has  different  objectives  and  tolerances.  In 
Ch.  2,  we  describe  the  historical  development  of  hydrothermal  technology 
closely  associated  with  the  development  of  the  instrumentation.  If  we  look 
into  the  historical  development  in  the  design  and  fabrication  of  autoclaves, 
the  entire  activity  was  concentrated  in  Europe  alone  during  the  19th 
century.  It  was  only  after  the  American  industrial  revolution  that  activity 
slowly  started  spreading  into  the  other  parts  of  the  world.  Here,  we  discuss 
only  the  autoclaves  or  hydrothermal  reactors  used  worldwide;  they  were 
all  developed  during  the  20th  century.  There  is  a great  variety  of  apparatus 
existing  in  hydrothermal  technology.  Most  of  the  earlier  workers  had  dealt 
with  this  aspect  in  their  own  way.  Hence,  we  have  made  a thorough  survey 
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of  all  the  available  literature  and  present  it  here  in  this  section  in  a simple 
way  to  make  the  reader  understand  easily  the  problems  of  designing, 
fabrication,  and  maintenance. 

The  literature  survey  clearly  indicates  two  schools  of  autoclave 
design:  1)  Western  school  and  2)  Russian  school.  The  former  is  very 
important  as  it  dominates  most  of  the  earliest  designs  and  these  later 
became  the  standard  designs  throughout  the  world.  Most  of  these  designs 
are  relatively  simple  and  quite  old  (designed  prior  to  the  1970s),  whereas, 
the  Russian  school  had  dominated  this  field  from  the  1970s  and  came  out 
with  many  new  designs.  The  Special  Construction  Bureau  at  the  Institute 
of  Crystallography,  Academy  of  Sciences,  Moscow,  Russian  Federation, 
has  designed  several  new  autoclaves  to  suit  a specific  task  of  either 
growing  single  crystals  or  studying  physicochemical  aspects  such  as 
solubility,  PVT-behavior,  and  so  on.  Besides,  several  erstwhile  Soviet 
hydrothermal  laboratories  have  produced  their  own  designs  to  suit  their 
requirements  and  the  type  of  crystal  or  material  under  investigation. 
Obviously,  most  of  these  autoclaves  arc  only  local  and  have  not  been 
adopted  worldwide.  Flence,  for  the  benefit  of  the  reader,  we  consider  only 
the  standard  autoclaves  used  worldwide  and  some  important  designs  from 
the  Russian  school.  With  the  disintegration  of  the  erstwhile  Soviet  Union, 
there  is  not  much  development  in  the  field  of  design  and  fabrication  of  new 
autoclaves.  The  Japanese  groups  are  coming  out  with  new  designs  of 
autoclaves  for  applications  in  crystal  growth  and  materials  processing. 

An  ideal  hydrothermal  autoclave  should  have  the  following  char- 
acteristics: 

i.  Inertness  to  acids,  bases  and  oxidizing  agents. 

ii.  Easy  to  assemble  and  dissemble. 

Hi.  A sufficient  length  to  obtain  a desired 
temperature  gradient. 

iv.  Leak-proof  with  unlimited  capabilities  to  the 
required  temperature  and  pressure. 

v.  Rugged  enough  to  bear  high  pressure  and 
temperature  experiments  for  long  duration,  so 
that  no  machining  or  treatment  is  needed  after 
each  experimental  run. 

The  most  commonly  used  autoclaves  in  hydrothermal  research  are 
listed  in  Table  3.1  Jb  The  majority  of  these  autoclaves  are  externally  heated 
pressure  vessels  and  their  pressure-temperature  range  can  not  be 
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extended  further  due  to  lack  of  suitable  refractory  alloys.  However, 
internally  heated  pressure  vessels  are  now  commercially  available  up  to  10 
kbar  and  1400°C.  The  list  given  in  the  table  does  not  include  some  of  the 
recent  designs  and  modifications  or  upgrades  as  their  applications  are 
restricted  to  specific  studies. 


Table  3.1.  Autoclaves 


Type 

Characteristic  data 

Pyrex  tube  5 mm  i.d.  2 mm  wall  thickness 

6 bar  at  250°C 

Quartz  tube  5 mm  i.d.  2 mm  wall  thickness 

6 bar  at  300°C 

Flat  plate  seal,  Morey  type 

400  bar  at  400°C 

Welded  Walker-Buehler  closure  2600  bar  at  350°C 

2 kbar  at  480°C 

Delta  ring,  unsupported  area 

2.3kbarat400°C 

Modified  Bridgman,  unsupported  area 

3.7kbarat500°C 

Full  Bridgman,  Unsupported  area 

3.7kbarat750°C 

Cold-cone  seal,  Tuttle-Roy  type 

5kbarat750°C 

Piston  cylinder 

40  kbar,  1000°C 

Belt  apparatus 

100  kbar,  >1500°C 

Opposed  anvil 

200  kbar,  >1500°C 

Opposed  diamond  anvil 

up  to  500  kbar,  >2000°C 

3.2  SELECTION  OF  AUTOCLAVE  AND  AUTOCLAVE 

MATERIALS 

When  selecting  a suitable  autoclave,  the  first  and  foremost  param- 
eter is  the  experimental  temperature  and  pressure  conditions  and  the 
corrosion  resistance  in  that  pressure-temperature  range  in  a given  solvent 
or  hydrothermal  fluid.  If  the  reaction  is  taking  place  directly  in  the  vessel, 
the  corrosion  resistance  is,  of  course,  a prime  factor  in  the  choice  of 
autoclave  material.  The  most  successful  materials  are  corrosion  resistant, 
high-strength  alloys,  such  as  300  series  (austenitic)  stainless  steel,  iron, 
nickel,  cobalt-based  superalloys,  and  titanium  and  its  alloys.  Several  work- 
ers have  reviewed  the  properties  of  some  alloys  used  commonly  in  the 
making  of  hydrothermal  autoclaves. Tables  3.2,  3.3,  and  3.4  give 
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certain  properties  of  these  alloys.  The  critical  property  for  a material  used 
in  a hydrothermal  autoclave  is  its  creep-rupture  strength,  a measure  of  the 
length  of  time  until  rupture  of  a stressed  material  occurs  at  a given 
temperature.  Similarly,  the  ultimate  tensile  strength  and  yield  strength  are 
to  be  taken  into  account.  In  the  300  series  of  stainless  steels,  316  has  the 
greatest  creep-rupture  strength.  The  super  alloys  are  usually  much  stron- 
ger than  SS  316,  even  at  higher  temperatures.  Pure  titanium  metal,  though 
acid  resistant,  is  weak  and  difficult  to  handle,  but  some  of  the  titanium 
alloys  have  strengths  comparable  to  stainless  steels.  Pure  titanium,  be- 
cause of  its  superior  corrosion  resistance,  can  be  used  as  an  autoclave  up 
to  about  300°C  or  more.  Its  relatively  low  creep-strength  becomes  inad- 
equate. For  example,  after  36  hrs  at  300°C  in  0.5  M FIC1  + 1.5  M NaCl 
mineralizer,  titanium  was  slightly  corroded/tarnished,  but  was  distinctly 
corroded  in  6 M FIC1  at  300°C.  It  is  soluble  even  at  room  temperature  in 
phosphoric  acid,  and  is  moderately  resistant  to  acidic  sulfate  solutions.14! 
Extra  strength  for  alloys  is  required  because  the  actual  strengths  of  alloys 
under  normal  operating  conditions  are  less  than  their  strengths  under  ideal 
conditions  owing  to  various  corrosion  processes  that  occur  during  hydro- 
thermal  reactions  as  well  as  to  structural  changes  due  to  partial  annealing 
of  the  alloy  during  conditions  of  prolonged  high-temperature  service.  This 
is  further  complicated  by  the  geometry  of  the  vessel,  because  the  effective 
stress  is  more  intense  in  areas  of  high  curvature.  In  addition,  it  is  noted  that 
the  creep-rupture  strengths  decrease  significantly  with  increasing  tem- 
perature, thereby  lowering  the  maximum  permissible  pressure  of  an  ex- 
periment at  higher  temperature. 

Alloys  of  either  stainless  steel  or  titanium  have  a tendency  to  form 
an  impermeable  oxide  surface,  which  prevents  continued  oxidation.  Thus, 
the  corrosion  resistance  of  an  alloy  depends  upon  the  permeability,  reactiv- 
ity, and  solubility  of  this  oxide  layer  in  the  corrosive  fluid.  Obviously,  a layer 
so  permeable  that  solutions  can  penetrate  and  contact  the  unoxidized  metal 
can  react  with  the  underlying  metal.  The  corrosion  can  be  crevice  corro- 
sion, stress  corrosion  cracking,  and  intergranular  attack.  The  crevice 
corrosion  can  be  prevented  through  proper  agitation  of  the  vessel,  and 
polishing  of  the  interior  surface. 

Intergranular  corrosion  can  be  prevented  through  the  use  of  low- 
carbon  stainless  steel,  or  by  alloying  with  small  amounts  of  metals  forming 
very  stable  carbides.  Stress  corrosion  can  be  retarded  through  proper 
annealing  of  the  alloy  used  for  making  autoclaves,  and  through  the  use  of 
molybdenum  containing  austenitic  steels. [31 
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Table  3.2.  Properties  of  Certain  Alloys. [2]  (Courtesy  of  the  Academic 
Press,  Orlando,  Florida. ) 


Resistance 
to  aqueous 
OH 

Rupture 
stress  (atm) 
1000  h, 
800°C 

Rupture 
stress  (atm) 
1000  h, 
600°C 

Low  carbon  steel 

+ 

170 

Tool  steel 

+ 

4140  (similar  to  EN19) 

+ 

170 

Stainless  type  340 

— 

270 

1100 

19-9-DL 

? 

680 

2200 

(Universal  Cyclops  Steel  Co.) 

Croloy  15-15N 

+ 

610 

2260 

Timken  17-22-A 

+ 

- 

- 

Inconel  X 

? 

1200 

4500 

Stellite 

? 

- 

- 

Udimet  500 

? 

2100 

- 

Silver 

+ b 

Platinum 

+ b 

Platinum- 10%  irridium 

+ b 

Source:  Data  from  Clauss  (1969) 

aCr  and  Ni  values  in  stainless  steels  are  values  < 2 wt  %. 
b Denotes  the  balance  of  metal  in  the  alloy. 

c A product  of  Allegheny  Ludlum  Steel  Corporation,  Pittsburgh,  Pennsylvania. 
d A product  of  Inco  Alloys  International,  Inc.,  Huntington,  West  Virginia. 
e A product  of  Cabot  Corporation,  Kokomo,  Indiana. 
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Table  3.3.  Compositions  of  High-Strength  Alloys  for  Autoclaves 


Metal  Content  (wt  %) 

Cr 

Ni 

C 

MnMo 

Si 

Co 

V A1  Ti 

Fe 

Others 

Note 

Stainless  Steel 

a 

304 

19 

9 

0.1 

2 

- 

1 

- 

- - - 

bab 

310 

25 

20 

0.2 

2 

- 

1 

- 

- - - 

ba 

316 

17 

12 

0.1 

2 

3 

1 

- 

- - - 

ba 

410 

12 

- 

0.2 

1 

- 

1 

- 

- - - 

ba 

Titanium 

RMI-55 

Commercially  pure  titanium 

Alpha 

Ti6-4 

— 

— 

0.1 

— 

— 

— 

— 

4 6 ba  0.25 

Alpha-beta 

phase 

Ti  38644 

6 

— 

0.05 

— 

4 

— 

— 

8 3 ba 

0.03 

Zr-4 

Beta  phase 

Ti  17 

4 

— 

— 

— 

4 

— 

— 

— 5 ba 

— 

Zr-2, 

Alpha-beta 

Sn-2 

Superalloys 

A-286 

15 

25 

0.1 

2 

1 

1 

0.2  0.4  2 

ba 

Iron  base 

Waspalloyc 

19 

ba 

0.1 

1 

4 

0.7 

13 

— 1 3 

2 

Cu-0.5 

Nickel 

base 

Inconel  702d 

16 

ba 

0.1 

1 

— 

0.7 

— 

— 3 0.5 

2 

Cu-0.5 

Nickel 

base 

Hastelloy  Be 

1.0 

ba 

0.05 

1 

28 

1 

2.5 

0.4 

5 

— 

Nickel 

base 

Hastelloy  Ce 

16 

ba 

0.1 

1 

16 

1 

2.5 

0.4 

5 

W - 4 

Nickel 

base 

HS  -21 

27 

3 

0.3 

1 

5 

1 

ba 

___ 

2 

Co  base 
(stellite) 

Source:  Data  from  Clauss  (1969) 

a Cr  and  Ni  values  in  stainless  steels  are  values  < 2 wt  %. 
b Denotes  the  balance  of  metal  in  the  alloy. 

c A product  of  Allegheny  Ludlum  Steel  Corporation,  Pittsburgh,  Pennsylvania. 
d A product  of  Inco  Alloys  International,  Inc.,  Huntington,  West  Virginia. 
e A product  of  Cabot  Corporation,  Kokomo,  Indiana. 
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Table  3.4.  High-Temperature  Strength  Properties  of  Autoclave  Alloys2 


Melt  Tensile  Yield  Creep  Rupture  Creep  Thermal 

Strength  Strength  Strength  Strength  Expansion 


(°C) 

(°C) 

(hr) 

(hr) 

(xlO6) 

25 

400 

600 

25 

400 

600 

1,000 

10,000 

1,000  10,000 

Stainless  Steels 

304  85 

66 

49 

38 

21 

16 

49 

38 

24 

18 

14 

310  92 

81 

71 

40 

29 

24 

39 

36 

23 

14 

16 

316  85 

72 

66 

38 

24 

21 

66 

(A 

31 

19 

16 

410  89 

72 

34 

32 

22 

13 

34 

26 

29 

14 

11 

Carbon  Steel 

0.3%  C 61- 

57 

25 

36 

25 

16 

19 

12 

— 

10 

12 

Superalloys 

A-286  143 

- 

103 

94 

- 

88 

88 

76 

— 

81 

— 

Waspalloy  180 

- 

170 

115 

- 

100 

85b 

— 

— 

— 

— 

Inconel  141 

- 

105 

85 

- 

75 

65c 

— 

— 

— 

— 

Hastelloy  C 121 

- 

98 

58 

- 

43 

55d 

— 

— 

— 

— 

HS-21  101 

- 

73 

82 

- 

39 

— 

— 

— 

— 

Titanium  Alloys 

RMI-55  65 

30 

20 

55 

18 

10 

2$ 

— 

— 

— 

8 

Ti6-4  130 

90 

60 

120 

70 

55 

50 

30 

30 

20 

8 

Ti  38644  170 

150 

120 

160 

130 

90 

140g 

— 

100 

— 

5 

Ti  17h  — 

— 

— 

(150-170) 

— 

— 

— 

— 

— 

Source:  Data  from  Clauss  (1969) 

a Strength  in  100  pounds  per  square  inch  (kpsi),  yield  strength  is  for  0.2 
elongation,  creep  strength  is  for  1%  elongation  unless  otherwise  noted. 

b‘c  For  1000  hr  at  650°C. 
f For  lOOhr  at450°C. 

£ For  100  hr  at  350°C  and  0.2%  elongation. 
h Data  from  RMI  Company,  Niles,  Ohio. 
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The  hydrothermal  experimenter  should  pay  special  attention  to  the 
systems  containing  hydrogen  under  hydrothermal  conditions.  Hydrogen  at 
high  temperature  and/or  pressures  can  have  a disastrous  effect  on  alloys 
used  in  the  making  of  autoclaves.  It  reduces  the  strength  of  the  autoclaves 
through  any  one  of  the  following  processes:  hydrogen  embrittlement, 
irreversible  hydrogen  damage,  or  metal-hydride  formation.  These  prob- 
lems could  be  overcome  through  careful  selection  of  alloys  containing 
small  additives  such  as  Ti,  Mo,  V,  heating  in  H2  free  atmosphere,  and  using 
alloys  with  low  thermodynamic  activity. 

The  autoclave  selection  is  usually  done  by  considering  the  above 
discussed  aspects  accordingly,  for  the  type  of  material  or  compound  under 
investigation,  the  medium  in  which  the  reaction  is  taking  place,  and  the 
experimental  pressure-temperature  conditions.  Some  crystals  can  be  grown 
readily  within  the  autoclave  without  any  lining,  liners,  or  cans.  For  example, 
the  growth  of  quartz  can  be  carried  out  in  low  carbon  steel  autoclaves.  The 
low  carbon  steel  is  corrosion  resistant  in  systems  containing  silica  and 
NaOH,  because,  the  relatively  insoluble  NaFe-silicate  forms  and  protec- 
tively coats  the  ground  vessel.  In  contrast,  the  growth  of  berlinite  crystals 
requires  a teflon  lining  or  beakers  because  phosphorus  is  highly  corrosive; 
it  can  even  corrode  platinum  if  used  for  a long  time.  Therefore,  the 
corrosion  resistance  of  any  metal  under  hydrothermal  condition  is  very 
important.  For  example,  turbine  engineers  have  long  known  that  boiler 
water  with  pH  > 7 is  less  corrosive  than  slightly  acidic  water,  especially  for 
alloys  containing  Si.  Several  conventional  methods  of  studying  corrosion 
are  known.  Usually  low  carbon  steel  is  used  in  the  fabrication  of  simple 
acid  digestion  bombs,  Morey  autoclaves,  modified  Bridgman  autoclaves, 
and  other  related  ones.  Inconel,  Udirnet  and  Stellite  are  highly  useful 
because  of  their  high  strength  at  high  temperature.  These  alloys  are  used  in 
the  fabrication  of  cold  cone-seal  bombs  employed  in  phase  equilibria 
studies  at  pressures  up  to  5.4  kbar  and  temperatures  up  to  950°C.  The 
recent  TZM  autoclaves  are  used  at  pressures  up  to  10  kbar. 

Although  the  use  of  glass  vessels  began  in  the  19th  century,  for  low 
temperature  and  low  pressure  experiments  thick  glass  vessels  are  still 
used.  The  quartz  glass  pressure  vessel  for  hydrothermal  studies  was  first 
used  in  1964  by  Speed  and  Filice  (1964)J5!  Recently,  in  1991,  Popolitov 
used  a thick  walled  silica  vessel  with  a teflon  capping  for  experiments  up  to 
200°C  and  < 500  bar  pressured6!  The  construction  details  of  various 
autoclaves  will  be  given  separately  in  the  forthcoming  section. 
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3.3  LINERS 

In  the  majority  of  hydrothermal  experiments,  the  mineralizer  used 
is  highly  corrosive  and  it  can  attack  the  vessel,  which  is  inimical  to 
obtaining  high  purity  crystals  for  devices.  It  requires  a suitable  lining  for  the 
inner  wall  of  the  autoclave  or  separate  liners  placed  in  the  autoclave.  Even 
in  the  case  of  quartz  growth,  where  an  acmite  protective  layer  is  found  all 
along  the  inner  wall  of  the  autoclave,  the  purity  of  the  substance  is 
doubtful.  Therefore,  for  the  growth  of  high  purity  quartz,  a silver  lining  for 
the  autoclave  is  provided.  Similarly,  other  metal  linings  are  provided 
depending  upon  the  solvent  medium.  For  example,  a copper  lining  is  used  in 
many  of  the  borate  systems.  Copper  partly  dissolves  in  dilute  bases  at 
400°C  and  copper  crystals  are  deposited  in  the  cooler  region  of  the 
autoclave.  Similarly,  nickel  lining  can  be  used,  but  it  is  also  readily  attacked 
by  the  solvent.  Hence,  noble  metal  lining,  liners,  or  capsules  are  used 
successfully  for  alkaline  and  neutral  media.  Titanium  is  much  more  corro- 
sion resistant,  but  it  is  difficult  to  handle.  Litvin  and  Tules  (1971)  have 
summarized  the  applicability  of  various  liners!7!  listed  in  Table  3.5. 

The  use  of  glass  tube  as  a liner  was  first  applied  by  De  Senarmont 
as  early  as  AD  1851  for  the  growth  of  carbonates,  sulphates,  and  sulphides. 
Figure  3. 1 shows  the  sealed  glass  tube  used  by  De  Senarmont.!81  The  tubes 
were  enclosed  in  water-filled  fused  gun  barrels  and  heated  up. 

Daurrcc  (1857)  first  introduced  the  pressure  balance  arrangement 
between  the  small  glass  tube  containing  the  nutrient  and  the  steel  tube 
hosting  this  glass  tube  liner.  191  An  improved  version  using  pyrex  glass  and 
again  water  as  a pressure  transmitter  was  reported  by  Allen  et  al. 
(1912). 1101  In  fact,  most  of  the  earlier  workers  during  thel9lh  century, 
including  von  Chroustshoff,  found  that  the  glass  tube  they  were  using  was 
much  attacked  under  hydrothermal  conditions,  however,  they  did  not 
mention  anything  about  precautions  taken  to  over  come  this  effect,  as  the 
primary  interest  was  only  in  synthesizing  a product  resembling  some 
natural  mineral.  It  was  von  Chroustshoff  who  first  proposed  the  gold  lining 
steel  autoclaves  to  prevent  corrosion.  By  doing  so,  he  could  attain  a 
temperature  of  350°C  to  synthesize  tridymite  phase  of  quartz  and  in- 
creased experimental  duration.  Subsequently,  the  use  of  steel  autoclave 
and  noble  metal  lining  became  very  popular,  and  the  tendency  to  reach 
higher  pressure-temperature  conditions  also  started.  Bruhns  (1889)  used 
steel  bombs  with  platinum  lining  and  cover  held  down  by  bolts  and  made 
tight  by  means  of  a copper  washer,  which  was  protected  from  the  action  of 
the  mineralizer  by  platinum.!111 
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Table  3.5.  Materials  Used  as  Reactor  Linings 


Material 

T(°C) 

Solutions 

Remarks 

Titanium 

550 

chlorides 

hydroxides 

sulphates 

sulphides 

Corrosion  in  NaOH  solution  >25% 
in  NH4C1  solution  > 10%  (at400°C) 

Armco  iron 

450 

hydroxides 

Gradual  oxidation  producing 
magnetite 

Silver 

600 

hydroxides 

embrittlement. 

Gradual  recrystallization  and 
, partial  dissolution 

Platinum 

700 

hydroxides 

chlorides 

sulphates 

Blackening  in  chlorides  in  the 
presence  of  sulpher  ions; 
partial  dissolution  in  hydroxides 

Teflon 

300 

chlorides 

hydroxides 

Poor  thermal  conduction 

Tantalum 

500 

chlorides 

Begin  to  corrode  in  NH4C1  solution 
78% 

Pyrex 

300 

chlorides 

Copper 

450 

hydroxides 

Corrosion  reduced  in  the  presence  of 
fluoride  ions  and  organic  compounds 

Graphite 

450 

sulphates 

Pyrolytic  graphite  most  suitable  for 
linings 

Nickel 

300 

hydroxides 

Quartz 

300 

chlorides 

Gold 

700 

hydroxides 

sulphates 

Partial  dissolution  in  hydroxides 
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Figure  3.1.  Sealed  glass  tube  used  by  De  SenarmontJ8! 


Doetler  (1890)  used  a nickeled  gun  barrel  or  a silver  lined  steel 
tube  in  his  experiments. [12]  The  quartz  glass  tube  liners  of  15  nun-diameter 
can  easily  withstand  the  outside  pressure  of  3 kbar  at  500°C.  However,  the 
internal  pressure  has  to  be  kept  a little  below  than  that  of  the  outside  value. 
Rabenau  and  Rau  (1973)  have  described  this  technique  in  detail  J1 3 1 For 
larger  autoclaves,  like  the  Morey  flat  and  the  modified  Bridgman  closures, 
noble  metal,  or  other  suitable  metal  lining  is  provided.  The  main  difficulty  in 
such  a design  is  that  the  lining  should  be  free  of  cracks,  pinholes  or  ridges 
and  it  should  be  honed  near  to  mirror  finish.  For  Tuttle  cold-cone  seal 
autoclaves,  capsules  made  of  noble  metals  are  used.  The  capsule  tube 
charged  with  a desired  amount  of  nutrient  is  clamped  tightly  at  the  top  and 
is  welded  shut.  During  the  experiment  the  capsule  collapses  but  does  not 
rupture.  The  vessel  is  then  heated  to  the  desired  temperature  at  constant 
pressure.  When  the  desired  temperature  is  reached,  the  capsule  expands 
to  its  original  volume  and  is  not  subjected  to  tension  and  virtually  no  capsule 
failures  occur.  For  some  experiments,  the  capsule  needs  only  to  be  pressed 
together,  the  capsule  length  being  shorter  for  phase  equilibria  studies  and 
longer  where  a temperature  gradient  for  crystal  growth  is  desired.  In  large 
diameter  vessels,  platinum  liners  are  usually  used.  These  liners  have  silver 
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caps  to  avoid  platinum  seizing.  The  liner  is  filled  to  a given  percent  and 
closed,  and  the  space  between  the  liner  and  the  inner  wall  of  the  autoclave 
is  filled  to  the  same  percent  or  slightly  higher;  this  provides  a pressure 
balance  and  the  liner  supports  virtually  no  pressure.  Pressure  imbalance 
can  cause  rupture  of  the  liner.  For  the  growth  of  high  purity  crystals  in 
solution  in  highly  corrosive  media,  teflon  beakers  or  liners  are  used. 
Similarly  for  special  studies  pertaining  to  reaction  kinetics,  solubility  and 
materials  processing  under  mild  hydrothermal  conditions  or  pressure- 
temperature  conditions  below  250  bars  and  300°C,  teflon  is  the  most 
popularly  used  lining  material.  Several  new  autoclave  designs  with  teflon 
lining  or  coating  for  such  studies  have  been  reported  in  literature.  The 
teflon  liner  or  beaker  should  sit  exactly  inside  the  autoclave  without  leaving 
any  gap,  pressure  balancing  technique  can  be  used  alternatively.  A slightly 
higher  pressure  of  nearly  1 to  2 percent  of  fill  outside  the  teflon  liner  helps 
in  the  sealing  of  teflon  liners  as  the  cap  and  liner  can  not  be  welded.  In 
addition,  in  some  cases  where  the  experiment  is  carried  out  for  longer 
duration,  effective  sealing  of  the  teflon  liner  can  be  obtained  with  a sharp 
ring-like  mechanism  on  the  liner  as  shown  in  Fig.  3.2.  As  the  temperature 
rises,  the  teflon  expands  and  hermitic  sealing  can  be  obtained.  The  greatest 
disadvantage  with  liners  or  cans  is  the  difficulty  associated  with  measuring 
of  the  actual  temperature  inside.  Certainly  temperature  gradients  are 
appreciably  lower  in  the  liners  than  in  the  autoclaves  without  liner.  This 
difference  becomes  more  prominent  when  teflon  liners  are  used.  The 
greatest  disadvantages  of  teflon  lining  is  that  beyond  300°C,  it  can  not  be 
used  because  teflon  dissociates,  affecting  the  pFI  of  unbuffered,  near- 
neutral solutions. dT  This  coating  tends  to  tear  and  generally  must  be 
reapplied  after  one  or  two  experiments.  Despite  all  these  difficulties,  single 
crystal  growth  and  materials  processing  using  teflon  are  being  carried  out 
extensively  at  various  laboratories. 


Figure  3.2.  Sealing  of  the  teflon  liner. 
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Corrosion  resistance  can  easily  be  improved  at  modest  cost  by 
coating  the  interior  of  the  reaction  vessels  by  painting,  electroplating,  or 
vapor  deposition.  As  mentioned  earlier,  chromium  and  gold  linings  are 
often  applied  to  stainless  steel  vessels  to  retard  corrosion.  Such  linings  are 
not  permanent  because  of  the  intrinsic  permeability  of  the  thin  linings  along 
crystal  boundaries  or  cracks  that  develop  during  temperature  cycling 
owing  to  the  differing  thermal  expansion  of  the  lining  and  the  vessel.  When 
more  acidic  solutions  are  used,  most  of  the  alloys  corrode  readily  and  they 
must  be  provided  with  titanium  lining,  and  high-strength  titanium  alloys, 
coated  alloys,  or  other  alternatives 

Let  us  consider  briefly  the  internal  arrangement  of  liners  in  some 
typical  hydrothermal  crystal  growth  experiments.  In  the  growth  of  quartz 
crystals,  the  liner  has  an  assembly  shown  in  Fig.  3.3d15]  The  lower  portion 
of  the  liner  is  filled  with  the  required  nutrient  material.  In  the  upper  portion, 
a seed  holder  is  placed  and  this  is  the  growth  zone  (cooler  zone).  In 
between  the  growth  zone  and  nutrient  zone,  a baffle  having  a definite 
percent  of  opening  is  placed  at  an  appropriate  position.  The  positioning  of 
the  baffle  and  the  percent  of  opening  together  play  an  important  role  in  the 
growth  kinetics.  This  is  the  most  popular  liner  assembly  in  hydrothermal 
crystal  growth.  In  contrast  to  this,  in  the  hydrothermal  growth  of  berlinite, 
the  internal  assembly  of  the  liner  differs  from  that  of  quartz  and  is  shown  in 
Fig.  3.4.  The  liner  material  is  usually  teflon.  As  berlinite  has  a negative 
temperature  coefficient  of  solubility,  the  nutrient  material  is  placed  in  the 
upper  portion  (cooler  zone)  and  the  seed  holder  is  placed  at  the  lower 
portion  (hotter  zone).  In  between  the  two  zones,  a baffle  with  a desired 
percent  of  opening  is  placed  in  addition  to  the  vertical  positioning  of  these 
liners.  There  are  several  modifications,  especially  in  the  horizontally  mounted 
autoclaves.  Jumas,  et  al.  (1985)  proposed  the  liner  internal  assembly 
shown  in  Fig.  3.5[16]  for  the  composite  gradient  method  of  growing  berlinite 
crystals. 

Ashby  et  al.  (1970)  proposed  a variable-volume  silver  liner  for  high 
pressure  hydrothermal  crystal  growth.  The  schematic  diagram  of  the 
variable-volume  silver  liner  is  shown  in  Fig.  3.6.1 171  Flere,  silver  bellows 
segments  are  formed  from  dead-soft  cup  stock  by  hydraulic  pressure 
applied  internally.  As  the  tube  expands  outward  into  a die,  it  is  folded 
longitudinally.  The  intrinsic  advantage  of  these  liner  lies  in  the  fact  that  the 
percent  fill  in  the  liner  may  be  adjusted  without  opening  the  liner.  Thus,  in 
practice  the  liner  is  charged  with  nutrient,  a seed,  and  crystal  growing 
medium.  Such  silver  liners  have  been  used  by  Ashby  et  al.,  successfully, 


Apparatus 


95 


hundreds  of  times  up  to  400°C  for  the  hydrothermal  growth  of  crystals. 
The  authors  also  propose  that  a wide  variety  of  metals  including  platinum 
and  gold  (liners)  can  be  formed  into  bellows.  Hence,  internal  assembly  of 
the  liner  and  the  lining  material  are  very  important  in  crystal  growth  and 
materials  processing. 


SEAL  RING 
PLUNGER 

QUARTZ 

SEEDS 

BAFFLE 

QUARTZ 

NUTRIENT 


Figure  3.3.  Growth  of  quartz  crystals  in  the  liner.  l15l  ( Courtesy  ofR.  A.  Laudise. ) 


— Nutrient 


— Seeds 

Figure  3.4.  Hydrothermal  growth  of  berlinite. 
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3.4  TEMPERATURE  AND  PRESSURE  MEASUREMENTS 

Several  modern  electronic  controllers  are  commercially  available 
today  to  regulate  temperature  and  pressure  in  hydrothermal  experiments. 
Pressure  vessels  heated  externally  can  be  placed  in  a suitable  isothermal 
zone  or  multiple  heating  zone  furnaces  controlled  by  thyristor-based  con- 
trollers. Highly  sophisticated  temperature  programmers-controllers  are 
commercially  available  for  programming  the  experimental  temperature, 
temperature  gradient,  heating  and  cooling  rates,  etc.  A variety  of  alloys  are 
used  for  furnace  windings  to  reach  the  desired  temperatures  in  the 
hydrothermal  range.  The  most  common  are  nichrome  and  Kanthal.  These 
are  more  durable  and  are  less  subject  to  damage  if  sheathed  in  magnesia 
insulation  plus  inconel  or  similar  high-temperature  alloys.  The  ratio  of 
maximum  voltage  over  the  required  amperage  equals  the  necessary  resis- 
tance of  the  furnace  winding.  The  necessary  resistance  divided  by  the 
length  of  the  winding  provides  the  unit  length  with  which  the  furnace  should 
be  constructed.  Tables  of  resistance  per  unit  length  with  for  each  of  the 
available  commercial  heater  wires  are  often  supplied  by  the  manufacturer. 
To  control  temperature  gradients  in  the  reaction  vessel,  the  windings 
should  be  more  closely  spaced  near  the  ends  of  the  furnace,  especially  the 
end  where  more  pressure  tubing  is  connected  to  compensate  for  the  higher 
heating  fluxes  from  these  areas. 

The  temperatures  in  hydrothermal  experiments  are  measured 
using  suitable  thermocouples  that  are  classified  according  to  the  pair  of 
metals,  as  noble  metal  thermocouples,  and  base  metal  thermocouples. 
They  are  made  of  chromel  and  alurnel  or  platinum  and  rhodium  alloys 
owing  to  their  stability  and  resistance  to  oxidation  throughout  the  hydro- 
thermal  temperature  range.  Table  3.6  gives  the  list  of  some  commonly 
used  thermocouple  wires  and  their  temperature  ranges. 1181  Thermocouples 
are  best  inserted  into  holes  drilled  into  the  walls  at  both  ends  of  the  vessel 
to  allow  temperature  gradients  in  the  vessel  to  be  monitored.  Such  external 
temperature  measurements  should  be  calibrated  by  inserting  a thermo- 
couple directly  into  a closed-bottom,  hollow  tube  extending  into  the  vessel. 
The  thermocouple  calibration  is  accomplished  by  measuring  the  elements 
at  the  melting  points  of  reference  materials.  Table  3.7  shows  the  melting 
points  of  standards  used  for  thermocouple  calibration  J19l 
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Table  3.6.  Some  Common  Thermocouple  Wires  and  Their  Temperature 
Ranges* 


Wires 

Temperature 

Maximum 

range  (°C) 

temperature  (°C) 

Chromel-Alumel 

-200  to  1200 

1350 

(90%  Ni-10%  Cr)  (95%  Ni,  5%  Al,  SiMn) 

Pt-Pt90Rh10 

Pt-Pt87Rhl3 

Pt-Pt80Rh2o 

Oto  1450 

1700 

Copper-Constantan 
(60  - 45  % Cu,  40  - 55 % Ni) 

-200  to  350 

600 

Iron-Constantan 

-200  to  750 

1000 

* Roeser,  W.F.,  in:  Temperature.  Its  measurement  and  Control  in  Science  and 
Industry,  p.  180,  Reinhold,  New  York  (1941). 


Table  3.7.  Some  Melting  Point  Standards  for  Thermocouple  Calibration3 


Material 

Temperautre  (°C) 

Tin 

231.9 

Lead 

327.4 

Antimony 

630.5 

Sodium  chloride 

801.0 

Silverb 

960.8 

3 From  Charles  and  Vidale.  1982. 

b Calibration  strongly  impaired  by  minor  amounts  of  dissolved  oxygen. 


A computer  can  be  used  to  record  the  experimental  temperatures 
uninterruptedly,  and  it  requires  an  analogue-to-digital  converter  (ADC) 
to  transform  the  thermocouple  millivolt  signal  to  a digital  signal  to  be 
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processed  and  displayed  by  the  computer.  With  a rack  type  system  of  10- 
20  vessels,  such  a system  can  record  run  temperatures,  in  1 second,  of 
each  vessel  several  times. 

The  pressure  in  hydrothermal  experiments  is  measured  by  differ- 
ent means.  In  the  initial  experiments  in  a given  system,  standard  calibrated 
bourdon  gauges  are  used  and  are  recalibrated  at  regular  intervals  against 
either  a dead  weight  tester  or  master  gauge.  Pressure  inside  a vessel  can 
be  monitored  through  a pressure  transducer  to  separate  the  corrosive 
contents  of  the  vessel  from  the  pressure  gauge.  It  is  useful  to  have  a valve 
between  the  vessel  and  the  transducer  to  act  as  a micropressure  generator 
to  check  for  hysteresis  in  the  transducer  and  to  isolate  the  vessel  during 
evacuation  at  the  start  of  the  run.  A stainless  steel  or  titanium  capillary 
tube  is  used  for  the  connection  with  the  pressure  gauge  because  of  its  easy 
installation  and  the  small  volume  of  trapped  fluid  that  it  contains.  For 
routine  pressure  measurements,  Kennedy’s  PVT  diagram  and  Bain’s 
PVT  data  are  used  because  of  their  simple  procedure.  12°][2i]  whether 
heating  or  cooling,  identical  pressure  values  should  be  observed,  and 
differences  of  a few  tenths  of  a bar  indicate  either  hysteresis  in  the 
pressure  transducer,  or  that  a gas  consuming  or  evolving  reaction  is  taking 
place.  Automatic  pressure  controllers  and  recorders  are  also  available 
commercially.  For  example,  in  the  Tuttle  cold-cone  seal  autoclaves  unit 
(Tempress,  Leco  Coip.  USA,  Fig.  3.7  a and  b),  the  required  pressure  is 
fixed  in  the  gauge  which  will  maintain  the  pressure  at  that  level  for  fairly  a 
long  duration.  Flowever,  pressure  measurements  with  a temperature  gradi- 
ent have  not  been  studied  in  detail,  but  it  is  certain  that,  under  hydrothermal 
conditions,  there  can  be  no  pressure  gradient.  Flence,  the  local  temperature 
and  local  density  anywhere  in  the  system  would  determine  the  pressure  of 
the  entire  system.  With  a computer,  the  experimental  pressures  can  be 
continuously  monitored  by  the  EMF  signal  of  a pressure  transducer  (i.e., 
strain  gauge  or  manganin  cell). 

In  addition  to  monitoring  pressure  and  temperature,  computers 
offer  the  potential  to  control  run  conditions.  As  an  example,  the  computer 
could  check  the  millivoltage  signal  from  the  thermocouple  of  each  vessel 
and  compare  the  signal  to  that  of  the  desired  temperature.  The  control 
action  could  be  provided  through  on/off  relays  controlling  power  to  the 
furnaces.  Thus  the  computers  can  make  the  recording  and  controlling 
more  handy  in  hydrothermal  experiments  in  a rack  like  system. 
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Figure  3.7  The  Tuttle  cone  seal  autoclave  ( a and  b). 
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3.5  AUTOCLAVES  AND  AUTOCLAVE  DESIGNS 

This  forms  the  most  important  aspect  of  hydrothermal  research. 
The  advances  in  the  hydrothermal  research  go  in  parallel  with  the  auto- 
clave design.  The  earliest  autoclaves  were  very  simple  in  design  and 
generally  made  up  of  glass;  the  availability  of  suitable  metals  and  alloys 
was  limited.  Besides,  the  main  objective  was  to  synthesize  some  compound 
that  resembled  some  natural  mineral.  Thus,  the  pressure-temperature 
range  was  rather  low.  It  was  only  after  the  first  successful  application  of 
stainless  steel  as  the  autoclave  material^  that  the  design  and  fabrication  of 
autoclaves  for  higher  pressure-temperature  limits  was  actually  initiated. 
Such  efforts  resulted  in  the  attempts  to  grow  diamond  and  corundam 
crystals  during  the  1 870s. [22][23]  The  actual  impetus  for  the  design  of  new 
autoclaves  came  during  the  1940s  with  the  development/discovery  of 
several  new  alloys.  The  complexity  in  the  designing  of  the  autoclaves  also 
began.  Further,  during  the  1970s,  the  designing  of  autoclaves  (using  a 
suitable  alloy)  for  specific  purposes  like  the  study  of  kinetics,  solubility, 
direct  or  visual  observation  of  the  hydrothermal  reactions,  and  so  on  began. 
With  the  entry  of  scientists  from  different  branches  of  science  into 
hydrothermal  research,  the  diversity  and  adaptability  of  hydrothermal 
research  began  to  make  it  a more  interdisciplinary  science  than  just  the 
study  of  mineral  or  phase  equilibria  and  crystal  growth.  The  materials 
processing  under  hydrothermal  conditions  got  a new  impetus.  All  these 
developments  resulted  in  the  designing  of  a large  number  of  new  auto- 
claves, which  are  together  grouped  under  novel  designs.  Byrappa  (1994) 
has  reviewed  various  autoclave  designs  in  detail. [24]  Flere,  it  is  extremely 
difficult  to  discuss  the  development  of  each  and  every  autoclave  design,  as 
the  number  exceeds  100.  Flowever,  a majority  of  them  are  only  to  suit  a 
specific  aspect  of  hydrothermal  research  and  hence  are  not  versatile. 
Therefore,  for  the  sake  of  simplicity,  we  have  discussed  only  the  more 
universal  autoclave  designs  under  the  two  broad  classes:  1)  conventional 
autoclave  designs,  and  2)  novel  autoclave  designs. 

3.5.1  Conventional  Autoclave  Designs 

These  are  the  more  universal  designs  commercially  available  for 
general  hydrothermal  research.  The  designing  of  the  conventional  auto- 
claves began  in  mid  19th  century,  and  simple  glass  vessels  were  the  earliest 
members  of  this  category.  Let  us  discuss  some  conventional  autoclaves 
one  by  one. 
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Glass  Vessels.  The  glass  vessel  in  hydrothermal  research  has 
advantages  of  ease  of  observation  and  resistance  to  acid  solutions  (except 
HF  acid).  The  disadvantages  are  the  low  pressure-temperature  conditions 
and  ease  of  attack  by  basic  solutions.  Flence,  its  use  has  been  generally 
neglected  in  hydrothermal  work,  mainly  because  the  early  interest  con- 
cerned materials  requiring  basic  media  and  pressure-temperature  condi- 
tions beyond  the  limits  of  glass.  When  the  solvent  and  pressure-tempera- 
ture conditions  permit  and  the  visual  observation  enables,  glass  vessels 
have  much  to  their  recommendation  and  should  be  used  more  frequently  in 
hydrothermal  work.  Before  the  design  of  Morey  autoclaves  (1913),  the 
hydrothermal  vessels  consisted  of  tubes  loaded  with  solid  and  water  and 
sealed  either  by  welding  both  the  ends  of  the  tube  or  by  means  of  a flat 
washer  or  screw.  Flowever,  such  vessels  are  very  difficult  to  maintain  and 
dangerous  to  operate.  Croxall  et  al.  (1979)  from  General  Electric  Com- 
pany, UK,  has  successfully  grown  berlinite  crystals  using  glass  vessels. [251 

Sealed  quartz-glass  tubes  were  first  tried  successfully  as  pressure 
vessels  in  1964  by  Speed  and  FiliccU1  Quartz  autoclaves  are  good  for  low 
pressure-temperature  hydrothermal  experiments  in  silica-saturated  sys- 
tems. These  tubes  provide  an  inexpensive  means  for  making  simultaneous 
runs  along  an  isotherm  with  varying  bulk  composition,  pFl,  partial  gas 
pressure,  etc.,  within  a single  heater.  Figure  3.8  shows  the  cross  sections 
of  quartz  glass  tube.  The  lower  half  or  charge  chamber  is  made  by  nesting 
three  close-fitting  quartz  glass  tubes  of  1.25  mm  wall  thickness  and 
appropriate  internal  diameters  and  fusing  the  tubes  together  in  vacuum. 
Quartz  glass  is  the  most  suitable  composition  because  of  its  strength  at  high 
temperatures,  low  thermal  coefficient  of  expansion,  and  absence  of  possi- 
bly reactive  components,  whereas  Vycor  and  Pyrex  both  contain  3%  or 
more  B0O3  in  addition  to  significant  quantities  of  A1903  and  the  alkalies,  and 
Pyrex  softens  at  about  600°C.|26I  The  authors15!  give  the  temperature  and 
internal  pressure  of  quartz  glass  tube  failure  in  Table  3.8. 

The  use  of  quartz  glass  autoclaves,  however,  was  not  popular  until 
recently  because  of  the  problems  associated  with  higher  pressure-tem- 
perature conditions.  With  the  recent  discovery  of  new  mineralizers  (mixed 
solvents,  high  molar  acid  solutions,  organic  solvents,  etc.),  there  is  a 
growing  tendency  for  using  the  glass  or  thick- walled  silica  tubes  in  several 
hydrothermal  experiments.  The  new  mineralizers,  and  a better  understand- 
ing of  hydrothermal  technology,  have  brought  down  the  crystallization 
temperature  with  increased  solubility  for  compounds  hitherto  obtained  only 
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at  high  pressure-temperature  conditions.  All  these  advances  prompted 
Popolitov  (1991)  to  develop  and  test  a hydrothermal  autoclave  for  visual 
examination. The  schematic  diagram  of  the  visual  autoclave  is  given 
in  Fig.  3.9.  The  apparatus  consists  of  a cylindrical  reactor  made  of 
transparent  quartz  glass  with  the  following  parameters:  compression 
strength  = 6556  kg/cm2,  tensile  strength  = 2734  kg/cm2,  bending  strength  = 
1134  kg/cm2,  shock  bending  strength  = 1.08  kg/cm2.  These  data  show  that 
the  quartz  glass  is  a good  material  for  a transparent  reactor,  provided  that 
no  shocks  will  occur  during  its  operation.  This  condition  requires  certain 
precautions  to  be  followed  during  charging,  discharging,  and  sealing  of  the 
reactor. 
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Figure  3.8.  The  cross  sections  of  quartz  glass  tubed5! 

Table  3.8.  Temperatures  and  Internal  Pressures  of  Quartz  Glass  Tube 
Failure^5! 


Tube 

Charge 

Temperature  (°C) 

Pressure  (bars) 

1 

Saturated  NaBr  solution 

543  + 7 

146  + 4 

2 

Saturated  NaCl  solution 

511  + 13 

345+  13 

3 

Saturated  NaCl  solution 

493  + 13 

323+  12 

4 

H20 

474  + 5 

414+  11 
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(1)  Quartz  reactor,  (2)  nutrient  container,  (3)  baffle,  (4)  seed  holder,  (5)  seeds, 
(6)  teflon  tube,  (7)  solid  cylinder,  (8)  sealing  disc,  (9)  heater,  (10)  thermocouple, 
(11)  autoclave  frame,  (12)  upper  mount,  (13)  adjustable  nuts. 


Figure  3.9.  The  schematic  diagram  of  the  visual  autoclave. ^ 


The  reactor  has  been  fabricated  in  the  following  way:  a cylindrical 
block  of  quartz  glass  of  special  purity  having  a diameter  of  85-1000  mm 
was  drilled  using  a diamond  bore  with  the  diameter  50  to  55  mm.  Then  the 
inner  and  outer  walls  were  ground  to  the  specified  dimensions  and  pol- 
ished. The  hydrostatic  pressure  admissible  for  this  reactor  was  not  calcu- 
lated before  hand,  but  its  strength  was  checked.  To  do  so,  the  reactor  was 
filled  with  water,  sealed  by  a special  valve,  placed  into  a furnace,  and 
heated.  The  growing  pressure  due  to  the  heating  was  measured  with  a 
manometer.  The  reactor  was  heated  until  the  pressure  inside  it  achieved 
100  atm  but  the  reactor  did  bear  this  pressure.  The  external  heating  of  steel 
autoclaves  introduces  stresses  on  its  walls  due  to  heating.  By  contrast, 
quartz  glass  has  a very  small  coefficient  of  thermal  expansion  and  hence 
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the  stresses  induced  by  temperature  gradients  are  negligible.  To  make  the 
quartz  reactor  tight,  a valve,  which  meets  the  following  requirements, 
should  be  used: 

i.  The  valve  must  be  self-sealing,  i.e.  stress  in  the 
seal  must  grow  as  the  pressure  increases,  and 
no  strong  force  that  could  damage  the  brittle 
reactor  must  be  exerted  on  it  when  sealed. 

ii.  The  sealing  material  must  be  plastic;  if  so,  the 
initial  stress  needed  for  self-sealing  is  low  and 
the  reactor  is  safe. 

Hi.  The  valve  must  be  chemically  resistant  with 
respect  to  the  chemical  agents  or  the  solvents 
used. 

The  teflon  ring  is  placed  in  an  annular  groove  whose  diameter  is 
greater  than  that  of  the  ring.  Also,  the  ring’s  outer  diameter  will  be  greater 
than  the  inner  diameter  of  the  reactor  block.  Hence,  stresses  appear  in  the 
ring  due  to  its  deformation,  and  this  is  sufficient  for  the  initial  sealing. 

The  main  advantage  of  quartz  autoclaves  is  their  high  stability  with 
respect  to  acid  medium  which  permits  us  to  use  a condensed  solution,  i.e., 
the  concentration  of  substance  to  be  crystallized  may  be  enhanced  without 
increasing  the  temperature.  In  this  case,  a considerable  gain  can  be 
obtained  for  the  processes  which  run  under  lower  temperature  and  pres- 
sure, which  turns  out  to  be  cheaper  and  safer.  The  apparatus  can  also  be 
used  in  alkali  solutions  and  hydrofluoric  acid  media  by  providing  a thin 
teflon  coating  to  inner  walls  of  the  quartz  glass.  This  quartz  vessel  can  be 
used  to  synthesize  and  grow  single  crystals  at  temperatures  up  to  300°C 
and  pressures  up  to  100  atm.  The  greatest  advantage  is  the  facility  to 
observe  all  the  processes  taking  place  inside  the  autoclave  including 
dissolution  of  the  mixture,  movement  of  the  solution  and  growth  of  the 
crystal.  By  employing  the  appropriate  thermocouple  sheath,  the  tempera- 
ture distribution  in  the  autoclave  can  be  measured  accurately.  It  is  conve- 
nient to  study  the  physicochemical  processes  and  hydrodynamics  of  the 
solution  both  in  the  homogeneous  and  binary  phase  “gas-liquid”  reagents. 

Steel  Autoclaves.  The  success  of  the  earliest  experiments  in  the 
hydrothermal  growth  of  minerals  using  very  simple  autoclaves  during  the 
19th  century  provided  an  impetus  for  Morey  at  the  Geophysical  Laboratory 
of  Carnegie  Institute,  Washington,  to  design  a highly  versatile  autoclave  to 
work  in  the  medium  pressure  ranged27!  This  was  further  developed  by  him 
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and  his  co-workers  to  operate  at  500  bar  and  400°C.|2X|  Followed  by  this, 
several  other  designs  appeared  and  today  there  are  many  designs  to  suit 
any  particular  aspect  of  hydrothermal  crystallization.  All  the  conventional 
autoclaves  can  be  divided  into  four  types  and  are  popularly  known  as:  1) 
flat-plate  closures  developed  by  Morey  and  co-workers;  2)  cold-cone  seal 
closures  designed  by  Tuttle1291  and  popularized  by  Roy  and  co-workers;  3) 
welded  closures  designed  by  Walker  and  Buchlcr;1301  and  4)  unsupported 
area  closures  developed  by  Bridgman  and  modified  by  several  commercial 
autoclave  vendors. t31l  These  autoclaves  have  been  discussed  by  many 
authors.  (l  421(321 

Flat  Plate  Closure  Autoclave.  This  is  popularly  known  as  a 
Morey  autoclave  since  Morey  designed  this  simple  gasketed,  sealed  steel 
autoclave  of  25-100  ml  capacity.  It  is  widely  used  in  hydrothermal  re- 
search and  the  cross-section  of  a typical  Morey-autoclave  is  shown  in  Fig. 
3.10.  The  usual  dimensions  of  a Morey  autoclave  are  10-20  cm  length  and 
2.5  cm  inner  diameter.  The  problems  encountered  by  Morey  and  co- 
workers in  the  initial  experiments  were  alleviated  in  a later  design  by 
Morey  (1913)  in  which  the  closure  is  made  by  a Bridgman  unsupported 
area  seal  gasket  made  of  copper  or  silver  or  teflon.  Fligher  pressure- 
temperature  conditions  may  be  obtained  with  an  inconel  vessel.  At  low 
pressures,  sealing  is  achieved  by  compression  when  the  main  nut  or 
closure  nut  is  tightened.  The  autoclave  generates  an  autogeneous  pressure 
depending  on  the  degree  of  filling,  the  fluid,  and  the  temperature.  The 
autoclave  is  limited  to  ~ 450°C  and  2 kbars  in  routine  use.  In  the  later 
versions,  the  pressure  can  be  directly  measured  and  adjusted  during  an 
experiment  by  providing  an  axial  hole  through  the  closure  nut,  but  this 
caused,  sometimes,  compositional  changes  as  the  material  was  transported 
to  the  cooler  region.  A thermocouple  is  inserted  in  the  well  close  to  the 
sample  and  the  vessel  is  placed  inside  a suitable  furnace  so  that  the  entire 
Morey  autoclave  and  closure  lie  within  the  element  of  the  furnace.  At  the 
end  of  the  run,  the  vessel  is  quenched  in  a jet  of  air  followed  by  dipping  in 
water  and  the  closure  seal  is  broken. 

Cone  Closure.  By  1948,  O.  F.  Tuttle  at  the  Geophysical  Labora- 
tory had  designed  an  ingenious  cone-in-cone  seal  for  a small  vessel  with  no 
threads  to  seize.  Although  this  “Tuttle  apparatus”  could  go  to  much  higher 
temperatures,  and  the  pressure  could  be  independently  controlled  by  a 
drilled  lower  seat,  it  had  very  small  volumes,  and  it  did  not  catch  on. 
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Figure  3.10.  Cross-section  of  a typical  Morey- Autoclave. i27) 


These  autoclaves  are  known  as  cold-cone  seal  autoclaves,  and 
also  as  Tuttle  autoclaves,  Fig.  3.11.[33]  A Tuttle  bomb  consists  of  a 
stainless  steel,  low  carbon  steel,  or  more  exotic  alloy  such  as  inconel, 
udimett  or  stellite  (Co  alloy),  test  tube  closed  by  a cone-in-cone  seal.  As 
with  the  Morey  vessels,  here  also  the  entire  vessel  assembly  is  kept  inside 
the  furnace.  The  seal  is  closed  by  weights  acting  through  heat  resistant 
alloys  above  and  below  the  vessels.  The  cone  at  the  lower  end  of  the 
support  rod  is  machined  to  59°,  the  cone  or  the  vessel  to  60°;  this  results  in 
a ring  seal.  At  pressures  exceeding  2 kbar  and  temperatures  above  800°C, 


108  Handbook  of  Hydrothermal  Technology 


these  cones  have  to  be  machined  after  each  experiment.  Pressure  is 
transmitted  to  the  sample  through  an  axial  hole  in  the  lower  support  rod, 
and  temperature  is  measured  by  placing  a thermocouple  in  a well  of  the 
vessel  within  3 mm  of  the  sample.  A vertical  split  furnace  is  mounted  on  a 
hinge  allowing  it  to  be  swung  clear  of  the  vessel  during  loading  or 
quenching.  This  vessel  can  be  used  up  to  800°C  at  4 kbar. 
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Figure  3.11.  Tuttle  autoclaves.  [331 
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In  1949,  Tuttle  described  a modification  to  his  earlier  design,  which 
is  much  easier  to  use.  This  consists  of  a longer  vessel  in  which  the  open 
end  and  seal  are  outside  the  furnace;  hence  the  term  “cold-cone  seal” 
(although  in  the  real  sense  it  is  far  from  being  cold).  Pressure  is  transmitted 
to  the  sample,  which  is  contained  in  a sealed  capsule,  through  a hole  in  the 
closure.  The  capsules  are  normally  made  up  of  noble  metals.  These 
vessels  may  be  operated  closure  up,  closure  down,  or  horizontally.  The 
ratio  of  the  vessel  diameter  to  the  hole  diameter  (wall  diameter)  determines 
the  strength  of  the  vessel.  In  most  standard  Tuttle  vessels,  this  ratio  is  4%. 
Using  stellite  25,  experiments  can  be  earned  out  at  900°C  and  1 kbar  or 
750°C  and  3 kbar  for  long  term  use  (from  hours  to  weeks).  Roy  and  Tuttle 
have  actually  made  many  hydrothermal  experimental  runs  for  several 
months  in  late  1950s.  Moreover,  the  reaction  could  be  “quenched”  by 
lowering  the  furnace  quickly  and  surrounding  the  bomb  with  a con- 
tainer of  water. 

Around  1950,  Roy  and  Osborn134  had  also  designed  a simple 
universal  pressure  intensifier  for  compressing  virtually  all  gases  (H9, 
N2,  C02,  NH3)  or  liquids  like  H90  from  the  compressed  gas  tank  pressures 
of  about  100-200  bars  to  5 kbars.  And  from  1950  onwards,  “test  tube 
racks”  of  hydrothermal  vessels  including  such  compressors  were  used 
worldwide  for  hydrothermal  research,  mainly  in  the  geochemical 
community.  Figure  3.12  shows  the  advertisement  of  Leco  Company, 
Tern-press  Research  Bellefonte,  Pennsylvania,  which  has  been  set  up 
by  Tuttle,  Roy,  and  Licastro  to  make  these  key  tools  of  hydrothermal 
research  available  worldwide.  This  continues  to  the  present  day,  mainly 
due  to  the  overriding  convenience  and  simplicity. 

Tuttle’s  original  design  underwent  several  improvements  in 
closure  design  using  new  alloys  which  have  extended  the  pressure- 
temperature  range  of  cold  seal  vessels.  Luth  and  Tuttle  (1963)[35] 
described  a modified  Tuttle-type  closure  which  permits  vessels  to  go  up  to 
8 inch  length,  1.25  inch  outer  diameter,  and  0.25  inch  inner  diameter  to  be 
used  up  to  10  kbar  pressure  and  at  temperatures  as  high  as  750°C. 
Rene  4 1 (Ni  based  alloy)  is  used  for  this  vessel.  The  most  comprehensive 
reviews  of  design  and  operation  of  cold-seal  equipment  are  given  by 
Huebner  in  1921,  andEdgar  in  1973436k37] 


Figure  3.12.  Advertisement  of  Leco  Company,  Tem-press  Research,  Bellefonte,  Pennsylvania. 
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Similarly,  Roy  modified  another  vessel  which  had  been  designed 
by  Tuttle  but  never  exploited.  It  proved  that  Roy  and  Tuttle’s  improved 
version  was  much  simpler  and  much  more  convenient  than  all  others.  This 
Roy  modification  is  popularly  known  as  the  “test-tube  bomb”  and  it  is 
typically  I-IV2"  o.d.  x 8"  long  superalloy  (Hastealloy;  Rene  41,  Stellite  25 
or  Udimet)  rod  with  a 3/16  - Vi"  diameter  hole  drilled  down  to  Vi"  of  the 
bottom.  It  was  threaded  at  one  end  and  the  pressure  seal  was  made  there 
with  a 59-60°  cone  seat  against  which  the  connector  from  the  pressure 
pump  was  forced  by  a nut  and  thread. 

This  vessel  made  quantum  advances  on  two  fronts.  First,  it  raised 
the  temperature  limit  to  ~800°C  with  special  steel,  and  950°-1000°C  with 
superalloys.  Second,  the  connection  to  the  pressure  system  of  pumps  and 
gauges  meant  that  pressure  and  temperature  were  decoupled.  Third, 
because  of  this  simplicity,  several  vessels  could  be  served  by  one  pressure 
source.  Hence  an  integrated  system  of  several  vessels,  each  with  its  own 
gauge  with  one  pressure  generator  became  a standard  hydrothermal 
laboratory  apparatus.  By  sealing  the  reactants  from  inside  with  gold  or 
platinum  tubes,  one  to  four  of  which  could  be  simply  inserted  into  the  “test 
tube,”  one  could  have  a simple  apparatus  for  maintaining  a precise  compo- 
sition, with  no  contamination  at  any  chosen  pressure  (up  to  5 kbars)  and 
temperature  (up  to  900°C)  condition  for  periods  which  could  extend  from 
hours  to  weeks.  We  actually  made  many  hydrothermal  runs  for  several 
months  in  the  late  1950s.  Moreover,  the  reaction  could  be  quenched  by 
lowering  the  furnace  quickly  and  surrounding  the  bomb  with  a container  of 
water. 

The  advent  of  new  materials,  particularly  molybdenum  alloys,  has 
extended  the  temperature  capabilities  of  cold-seal  vessels  to  about  1 150°C 
at  a pressure  above  4 kbar  (the  so-called  TZM  vessels).  The  prospects  of 
new  refractory  alloys  extending  up  to  this  range  are  encouraging.  These 
cold-seal  vessels  are  safe,  inexpensive,  simple,  and  operationally  routine. 

All  the  above-described  autoclaves  are  externally  heated.  In  Morey 
and  modified  Bridgman  type  autoclaves,  the  pressure  created  inside  the 
vessel  is  calculated  through  the  PVT  relation  and  in  only  a few  cases  an 
external  pressure  gauge  is  used.  In  the  Tuttle  cold-seal  vessel,  the  pressure 
is  built  up  by  an  external  pump  and  the  pressure  medium  is  usually  distilled 
water  with  a little  glycol  added  to  inhibit  corrosion.  For  higher  fluid 
pressure,  a hydraulic  intensifier  or  air-driven  pump  is  used  with  argon  or 
nitrogen  as  the  pressure  medium.  Normally,  several  vessels  run  from  a 
single  pump,  where  each  vessel  is  connected  to  a high-pressure  line  by  a 
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valve  and  T-junction.  The  valve  (two-way)  isolates  the  vessels  from  the 
line.  Each  vessel  is  connected  to  a separate  Bourdon  gauge  with  a safety 
glass  dial  and  blowout  block.  An  auto-controller  is  normally  used.  The 
types  of  pressure  tubing,  valves,  and  fittings  used  depend  on  the  operating 
pressures.  Normally  stainless  steel  alloy  is  used  up  to  13  kbar  and  recom- 
mended size  is  1.4  inch  outer  diameter,  V16  inch  inner  diameter.  Although 
there  has  been  rather  little  evolution  in  the  basic  design  of  cold-seal 
pressure  vessels,  marked  changes  have  occurred  in  controllers  and  pumps. 

Welded  Closure.  This  is  a “work  horse”  vessel  in  most  hydro- 
thermal  laboratories  because  the  disposable  liner  permits  a good  deal  of 
exploratory  work  to  be  done  in  systems  where  corrosion  might  ruin  even  a 
more  complex  vessel.  It  is  a high-pressure  vessel  designed  by  Walker  and 
Buehler  (1950)  with  the  temperature  range  up  to  400°C  and  pressure  of  3 
kbar.  The  vessel  consists  of  an  inner  liner  welded  at  both  ends  and  an  outer 
tube  of  heavier  construction.  Figure  3.13  shows  the  construction  of  a 
welded  closured30^38] 


Figure  3.13.  Construction  of  a welded  closure. t3(y| 
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At  the  conclusion  of  an  experiment,  one  end  of  the  welded  liner  is 
sawn  off  to  remove  the  charge.  The  liner  is  then  driven  out  of  the  outer 
casing  and  discarded  and  a new  liner  is  inserted.  Thus,  for  a sequence  of 
experiments,  rather  extensive  machine  shop  services  are  needed.  How- 
ever, welded  liners  are  still  relatively  inexpensive  when  compared  with  an 
entire  vessel. 

Modified  Bridgman  Autoclave.  A further  advancement  in  pres- 
sure-temperature capabilities,  size,  and  design  among  the  steel  autoclaves 
is  the  modified  Bridgman  high-pressure  autoclave.  This  is  embodied  in 
several  commercially  available  autoclaves.  Figure  3.14  shows  a cross- 
section.  The  initial  seal  that  closes  the  vessel  is  made  by  mechanically 
tightening  the  plunger  against  the  deformable  gasket  (Fig.  3.15  shows  a 
deformed  copper  ring)  by  the  setscrews  in  the  head.  The  unsupported  area 
closure  makes  its  seal.  The  force  of  the  generated  pressure  acts  upon  the 
piston,  moving  it  upward  against  the  deformable  gasket  and  creating  a 
perfect  sealing.  Such  vessels  can  be  used  quite  successfully  in  the  tem- 
perature and  pressure  range  500°C  and  3.7  kbar.  Construction  materials 
such  as  stainless  steel  or  inconel,  etc.,  arc  chosen  according  to  the 
requirements  of  the  particular  experimental  conditions.  For  general  appli- 
cations, quartz  is  commonly  grown  under  hydrothermal  conditions  directly 
in  steel  autoclaves.  Autoclave  attack  is  minimal  because  the  common 
mineralizers  react  with  iron  to  form  sodium  iron  silicates,  which  adhere  to 
the  autoclave  wall  and  inhibit  further  corrosion.  The  iron  content  in  solution 
is  so  low  that  Fe  in  the  grown  quartz  crystals  is  typically  only  a few  ppm  so 
that  crystals  of  excellent  acoustic  quality  and  watch  grade  quality  can  be 
obtained.1 13I[38]  However,  almost  all  other  hydrothermal  crystals  require 
growth  in  a low-carbon  steel  or  mild  steel  liner  or  noble  metal  or  copper 
liner.  The  pressure  inside  the  liner  is  counterbalanced  with  pressure 
between  the  liner  outer  wall  and  inner  wall  of  the  autoclave.  A required 
amount  of  the  nutrient  material  and  the  solvent  is  introduced  into  the  liner 
with  a definite  percent  fill.  Then  the  pressure  inside  the  autoclave  is 
calculated  through  PVT  relations.  The  modified  Bridgman  vessels  are 
commercially  used  for  crystal  growth  and  they  are  further  modified  to 
grow  very  large  single  crystals  of  industrial  importance.!39]  Sealing  is  the 
most  important  aspect  in  these  autoclaves  and  it  consumes  much  time  and 
effort  in  the  initial  runs. 
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Figure  3.14.  Modified  Bridgman  high-pressure  autoclave. [151  (Drawing  courtesy 
ofR.  A.  Laudise.) 


Figure  3.15.  Deformed  copper  ring. 
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Most  of  the  above  closures,  which  are  called  self-energized 
closures,  have  sealing  gaskets  generally  made  of  plastic  materials  and, 
most  frequently,  made  of  annealed  copper.  At  temperatures  below  300°C 
teflon  can  be  used.  If  the  closure  is  provided  with  a cooling  system,  rubber 
gaskets  are  used  and  sealing  of  such  autoclaves  does  not  require  as  much 
mechanical  effort  as  with  a copper  gasket.  In  fact,  much  of  the  success  in 
hydrothermal  growth  experiments  is  due  to  the  equipment.  A dramatic 
advance  in  upgrading  the  capacity  of  the  autoclave  (for  example,  as  in  the 
case  of  quartz  growth)  is  the  result  of  new  sealing  systems  from  the 
original  flange  type  seals  to  the  modified  Bridgman  seal  which  in  turn  has 
been  superseded  by  Grey-Loc  seals.1401  Large  capacity  autoclaves  of  1000 
to  5000  liters  volume  are  in  use  in  Japan  with  this  type  of  sealing  system. 
Table  3.9  shows  the  evolution  of  sealing  with  reference  to  the  growth  of 
quartz  crystals.!41!  In  most  hydrothermal  experiments,  corrosive  solutions 
are  used  and  special  protective  inserts  are  used  nowadays  to  prevent 
contamination  of  the  growth  zone  by  corrosion  products.  A floating-type 
insert  or  variable-volume  insert  has  been  developed  at  the  Institute  of 
Crystallography,  Moscow.  Such  an  insert  occupies  only  a part  of  the 
autoclave  interior  while  the  remaining  space  is  filled  with  water.  These 
inserts  are  usually  made  of  carbon-free  iron,  copper,  gold  (for  alkaline 
media),  titanium,  platinum  various  grades  of  glass,  molten  quartz  (for  acid 
media),  teflon,  etc. 

Table  3.9.  Historical  Development  of  Large  Autoclave1411 


Installation 

1959 

1963 

1965 

1973 

1984 

Sealing  type 

Flange 

Modified-Bridgman 

Grey-Loc 

Inside  dia.  (mm) 

120 

180 

300 

400 

650 

Depth  (m) 

2 

3 

5 

8 

14 

Volume  (1) 

22 

76 

353 

1005 

4650 

Output  (kg) 

7 

25 

120 

450 

3000 

Laudise  et  al.  (1994)  have  proposed  pressure  balance  under  hydro- 
thermal  conditions.  The  pressure- temperature  relations  in  the  can  and  in  the 
space  between  the  can  and  the  autoclave  system  are  critical.1421  The  water  fill 
is  chosen  so  that  the  can  is  usually  under  compression  when  the  autoclave  is 
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heated  to  the  desired  temperature  since  the  can  is  less  likely  to  fail  under 
compression.  The  goal  is  to  have  pressure  balance  at  the  operating 
temperature  (or  to  have  the  can  under  slight  compression).  Unbalanced 
pressures  result  in  can  dimples,  bubbles,  and  often  ultimate  failure.  Dimples 
can  restrict  flow,  crush  crystals,  and  cause  imperfections  in  crystals  if  they 
grow  against  the  dimpled  wall.  To  understand  the  balance  strategy  exami- 
nation of  HiO  and  mineralizer  solution,  PVT  data  is  essential.  The  authors 
have  studied  this  while  growing  K(TiO)P04,  a nonlinear  optical  material,  in 
pressure  balanced  gold  cans  and  suggest  several  strategies  for  pressure 
balance  in  order  to  avoid  dimple  formation.  Figure  3.16  shows  the  mini- 
mized volume  between  the  autoclave  and  noble  metal  lining.  Usually 
autoclave  bottoms  are  hemispherical  and  can  bottoms  are  flat.  A hemi- 
spherical metal  “space  filler”  can  be  used  to  fill  this  volume.  Similarly,  a 
readily  deformed  region  in  the  liner  (a  bellows,  a soft  metal  section,  or  a 
thinner  walled  separate  portion)  is  used  where  deformation  will  preferen- 
tially take  place  and  will  be  of  less  importance.  If  the  deformation  is  large 
during  cooling,  rapid  cooling  is  advantageous  as  long  as  thermal  shock  does 
not  crack  large  grown  crystals.  Such  studies  are  very  important  in  the  self- 
energized  closures. 

All  the  above-discussed  conventional  autoclaves  are  externally 
heated  ones.  Though  these  autoclaves  enjoy  a great  advantage  of  simplic- 
ity and  convenience,  they  are  limited  with  reference  to  temperature  and 
pressure,  by  the  high  temperature  strengths  of  alloys  used.  In  contrast  to 
this,  another  group/class  of  equipment  in  which  the  pressure  vessel  is 
cooled  and  the  sample  is  heated  internally  had  been  designed  by  several 
workers.  We  shall  discuss  one  or  two  such  designs.  In  this  category,  one  of 
the  earliest  designs  was  proposed  in  1923  by  Smyth  and  Adams143 1 and  was 
modified  later  in  193 1 by  Goranson1441  and  again  in  1950  by  Yoder.145 1 This 
type  of  vessel  is  capable  of  attaining  experimental  temperature  as  high  as 
1600°C  and  pressure  >10  kbar.  Thus,  much  of  the  later  geochemical 
research  has  been  carried  out  worldwide  using  such  apparatus.  Figure  3. 17 
shows  the  schematic  diagram  of  the  internally  heated  high  pressure 
apparatus.  It  consists  of  a heavy-walled,  heat-treated  vessel  of  tool  steel 
(usually  41-50  Cr-Mo)  which  contains  the  pressure,  and  an  internal 
furnace  and  sample  support.  This  vessel  is  admirably  suited  for  the  study  of 
reactions  by  dynamic  methods  like  differential  thermal  analyses  at  a series 
of  pressures.  In  Yoder’s  modification,  it  is  possible  that  a temperature  of 
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2000°C  may  be  attained  although  no  data  have  been  recorded  at  tempera- 
tures above  1500°C.  It  can’t  be  used  directly  with  water  as  the  pressure 
transmitting  fluid,  but  by  sealing  charges  containing  water  in  platinum  tube. 
Studies  of  such  systems  have  also  been  made  up  to  these  temperatures 
(Goranson,  1 93 1 ).1441  However,  vessels  of  this  type  are  both  expensive  and 
cumbersome  for  routine  and  small-scale  hydrothermal  research. 

Similar  to  the  above  discussed  high  pressure  autoclaves,  there  are 
many  other  designs,  but  most  of  them  are  for  dry  systems  and  also  for 
growing  crystals  from  flux  in  high  pressure  medium.  For  example,  the  belt 
apparatus,  piston  cylinder  apparatus,  opposed  anvil  or  diamond  anvil  sys- 
tems, or  high-pressure  autoclave  system  for  flux  growth .146H50]  However, 
this  equipment  is  more  useful  for  the  geological  sciences  than  for  crystal 
growth  or  materials  processing  and  hence  we  do  not  discuss  these  designs 
in  this  book. 


Fill  Tube 


Torroidal  Space 
Filler 

Noble  Metal  Can 


Hemispherical  Space 
Filler 


Figure  3.16.  The  minimized  volume  between  the  autoclave  and  noble  metal 
lining.!42! 
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Figure  3.17.  Schematic  diagram  of  the  internally  heated  high  pressure 

apparatus. FT 


3.5.2  Novel  Autoclaves 

The  novel  designs  of  the  autoclaves  are  for  specific  studies  such 
as  controlled  growth,  kinetics,  solubility,  PVT  studies,  hydrothermal-elec- 
trochemistry, conductivity  of  electrolytes,  visual  examination,  hydrothermal 
hot  pressing,  microwave-plus-hydrothermal,  sonar-plus-hydrothermal,  and 
so  on.  The  actual  motive  behind  the  designing  of  such  novel  equipment  is 
that,  in  the  the  hydrothermal  method,  little  information  is  available  as  to  the 
processes  taking  place  in  the  autoclave  and  also  it  is  extremely  difficult  to 
observe  these  processes  inside  metal  reactors,  or  autoclaves.  Hence, 
several  earlier  workers  called  hydrothermal  vessels/reactors  “black  boxes.” 
Some  of  these  novel  designs  have  come  from  the  Special  Construction 
Bureau,  Institute  of  Crystallography,  Moscow,  during  the  1970s.  It  is  very 
difficult  to  discuss  each  and  every  design  in  this  book,  as  there  are  too 
many  novel  autoclave  designs.  Therefore,  we  shall  restrict  our  discussion 
to  only  a few  popular  and  unique  designs. 

Horizontal  Autoclaves  for  Controlled  Growth  of  Crystals. 
This  autoclave  is  highly  sensitive  to  the  displacement  of  mass  from  the 
nutrient  zone  to  the  growth  zone  through  the  arrangement  of  a highly 
sensitive  balance  system.  Figure  3.18  shows  the  fundamental  arrange- 
ment. The  main  part  of  the  unit  is  a horizontal  autoclave  mounted  at  the 


Apparatus  119 


center  of  gravity  on  the  vertical  axle.  The  autoclave  freely  swings  in  the 
furnace  and  the  deflection  of  the  axle  from  the  vertical  indicates  a shift  of 
the  mass  inside  the  autoclave  from  one  side  to  the  other.  Special  weighing 
scales  make  it  possible  to  estimate  the  amount  displaced  material,  and 
additional  weights  help  to  return  the  autoclave  to  a horizontal  position. 


Figure  3.18  .Fundamental  arrangement  of  horizontal  autoclaves.  1511 

Thus,  by  carrying  out  experiments  in  the  balance  system,  one  can 
obtain  continuous  information  regarding  the  motion  of  mass  in  the  auto- 
clave, and  know  when  homogenization  of  the  medium  sets  in.  Also, 
information  regarding  whether  recrystallization  of  the  material  is  taking 
place,  or  at  what  velocity  the  recrystallization  is  proceeding  can  be  ob- 
tained. If  crystals  are  being  grown  on  seeds  with  a pre-specified  area,  it 
would  be  possible  to  calculate  the  rate  of  growth  of  the  crystals  and  to 
regulate  this  by  varying  the  temperature  difference  between  the  dissolution 
and  growth  zones. 

Shternberg  (1968)  designed  and  fabricated  this  autoclave.151  He 
has  also  standardized  this  system  to  study  the  spontaneous  crystallization 
of  sphalerite,  recrystallization  of  sodalite,  solubility  isochore  of  potassium 
niobate  crystals,  and  so  on. 


a 


1)  horizontal  autoclave 

2)  furnace 

3)  vertical  axel 

4)  metallic  safe 

5)  triangular  prism 

6)  ring 

7)  counter  weight 

8)  horizontal  axles 


. ' 9)  balance  weights 
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Pendulum  Apparatus.  Mass  transfer  of  material  under  hydro- 
thermal  conditions  may  be  determined  continuously  or  periodically  from  the 
motion  of  the  center  of  gravity  of  a vertical  autoclave  mounted  in  the 
device  shown  schematically  in  Fig.  3.19d51]  The  oscillations  of  the  auto- 
clave are  recorded  and  counted  by  means  of  a photo-relay  and  pulse 
counter.  Crystal  growth  can  be  monitored  by  observing  the  change  in  the 
oscillation  period  of  the  system.  If  the  crystals  are  growing,  the  center  of 
gravity  of  the  autoclave  will  move  upward  and  the  oscillation  period  of  the 
system  will  increase.  The  pendulum  apparatus  designed  by  Shternberg  is 
highly  useful  for  kinetic  studies. 


(1 ) Autoclave;  (2)  thermocouple;  (3)  baffle;  (4)  nutrient;  (5)  seed  holder;  ( 6)  furnace; 
(7)  electric  winding;  (8)  two  sets  of  thermocouples;  ( 9)  bellows-type  barrier; 

(10)  axle;  (1 1)  counter  weight;  (12)  roller  bearing;  (13)  two  balance  shelves. 


Figure  3.19.  Vertical  autoclave  mounted  in  the  device.151 1 
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Hydrothermal  Reaction  Cell  for  Kinetic  Studies.  Recently, 
Clark  et  al.  (1995)  developed  a large  volume  reaction  cell  for  kinetic 
studies  using  energy-dispersive  powder  diffraction.  152][53]  This  apparatus 
offers  a powerful  method  of  measuring  reaction  rates  for  processes  that 
involve  crystalline  materials.  In  addition,  this  helps  to  carry  out  multiphase 
quantitative  analysis  on  a series  of  powder  diffraction  spectra  collected 
during  the  course  of  a chemical  reaction  to  determine  the  amount  of  each 
crystalline  component  as  a function  of  timed54!  This  has  several  advan- 
tages when  a number  of  processes  are  occurring  simultaneously  as  the 
powder  method  can  determine  the  amount  of  each  phase  and  the  rate  at 
which  it  takes  place,  in  a mixture  of  phases.  The  hydrothermal  cell  consists 
of  a stainless  steel  container  with  a teflon  lining.  The  top  of  the  cell  is 
connected  to  a control  mainfold,  which  contains  a pressure  bleed  valve,  a 
bursting  disc  assembly,  and  a pressure  transducer  which  is  used  to  mea- 
sure the  pressure  inside  the  cell.  The  cell  operates  up  to  40  bars  at  a 
maximum  temperature  of  230°C  and  is  protected  by  a thin  metal  foil- 
bursting disc,  which  bursts  at  pressure  beyond  65  bars.  The  sample  holder 
is  a cylinder  with  a volume  of  30  cm3.  The  cell  wall  thickness  is  3 mm  and 
is  reduced  to  1 mm  at  the  beam  entry  and  exit  points.  Figure  3.20  shows  the 
schematic  diagram  of  a hydrothermal  reaction  cell. 

PVT  Apparatus.  Several  designs  have  been  made  for  PVT 
measurements  in  highly  corrosive  systems.  These  devices  usually  consist 
of  standard  pressure  manometers.  Kolb  and  Laudise  (1982)  have  designed 
a PVT  apparatus  (Fig.  3.21)  for  highly  corrosive  fluids  (e.g.,  berlinite 
systems). I55l  Also,  this  has  been  used  to  measure  the  pressure  in  the  H90- 
SiO,-NaOH  system.  The  pressure  take-off  is  lined  with  platinum  and 
connected  to  a water  capillary  of  small  capacity  which  goes  to  the 
pressure  gauge.  Several  other  designs  have  been  proposed  by  the  Special 
Construction  Bureau,  Institute  of  Crystallography,  Moscow. 

Apparatus  for  Solubility  Determination.  The  solubility  of  sub- 
stances under  hydrothermal  conditions  is  fundamental  information  con- 
cerning their  crystal  growth.  Solubility  measurements  are  usually  carried 
out  by  the  weight  loss  method.  This  approach  is  effective  only  for  com- 
pounds having  positive  temperature  coefficient  of  solubility.  For  com- 
pounds with  negative  solubility  coefficient,  the  possibility  of  further  weight 
loss  of  the  specimen  due  to  increased  solubility  during  the  quench,  or  even 
at  room  temperature,  must  be  considered. [56i  In  such  cases,  solubility 
measurements  are  earned  out  in  specially  designed  autoclaves.  However, 
the  solubility  and  phase  equilibria  studies  are  usually  earned  out  in  Tuttle 
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cold-cone  sealed  autoclaves  or  small  autoclaves  without  a pressure  gauge. 
Sometimes  other  available  autoclaves  are  also  used  if  the  quenching  can  be 
carried  out  effectively.  The  quenching  ensures  maintenance  of  conditions 
in  the  autoclave  corresponding  to  equilibrium  conditions  at  test  tempera- 
ture. The  Special  Construction  Bureau,  Institute  of  Crystallography,  Rus- 
sian Academy  of  Sciences,  Moscow,  Russia,  has  designed  several  solubil- 
ity measurement  apparatuses  consisting  of  single  autoclave  or  multiple 
autoclaves  (by  creating  a liquid  thermostat).  Figure  3.22  shows  an  assem- 
bly for  studying  solubility  simultaneously  in  two  autoclavcsJ571 


Figure  3.20.  The  schematic  diagram  of  a hydrothermal  reaction  cellJ52^53! 
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Figure  3.21.  PVT  apparatus. [551 
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(1)  Motor;  (2)  thermocouple;  (3)  sensor;  (4)  heater;  (5)  autoclave; 

(6)  body  of  furnace;  (7)  salt  solution;  (8)  thermal  insulation; 

(9)  potentiometer;  (10)  electronic  regulator;  (11)  stirrer. 

Figure  3.22.  An  assembly  for  studying  solubility  simultaneously  in  two 
autoclaves. 157] 

More  recently,  Yanagisawa  et  al.  (1993)  designed  an  autoclave 
for  solubility  measurement. [58]  This  autoclave  has  relatively  a simple  de- 
sign, but  gives  accurate  solubility  data  under  relatively  mild  hydrothermal 
conditions  in  which  the  vapor  phase  coexists  with  the  liquid  phase.  The 
method  basically  consists  of  separation  of  the  solid  specimen  from  the 
solution  under  hydrothermal  conditions  in  order  to  avoid  regrowth  or 
further  weight  loss  during  quenching.  Figure  3.23  shows  the  schematic 
diagram  of  the  autoclave  designed  for  solubility  measurements  by 
Yanagisawa  et  al.1581  The  autoclave  was  fabricated  using  stainless  steel 
with  a teflon  liner.  The  chamber  was  separated  into  two  parts  by  platinum 
mesh.  A solution  was  transferred  to  the  bottom  of  the  chamber  and 
crystals  were  placed  on  the  platinum  mesh.  The  position  of  the  platinum 
mesh  and  the  volume  of  the  solution  were  selected  so  that  the  crystals  did 
not  have  contact  with  the  solution  under  hydrothermal  conditions  for 
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solubility  measurements.  The  autoclave  was  connected  to  a rotation  shaft 
in  a hot  air  oven  with  an  electric  fan  to  minimize  the  temperature  difference 
in  the  oven.  The  contents  of  the  autoclave  are  agitated  slowly,  and  this 
helps  in  establishing  equilibrium.  About  three  minutes  are  needed  to 
complete  the  separation  of  the  crystals  from  the  solution,  then  it  must  be 
cooled  to  room  temperature  by  an  electric  fan  or  cooling  fan.  The  crystals 
are  separated  from  the  solution  under  the  hydrothermal  condition  vapor 
phase  during  cooling.  The  solubility  calculated  from  the  weight  loss  of  the 
crystals  must  be  accurate  as  the  crystals  do  not  dissolve  in  water  vapor, 
because  this  method  totally  hinders  regrowth  of  crystals  with  a positive 
temperature  coefficient  of  solubility,  and  redissolution  of  the  crystals  with  a 
negative  temperature  coefficient.  Using  this  autoclave,  the  authors  have 
accurately  determined  the  solubility  of  berlinite  in  phosphoric  acid  and 
calcinite  in  ammonium  chloride  solution  and  their  results  match  well  with 
the  earlier  published  data.|58||AI  I Figure  3.24  a and  b shows  the  solubility 
data  for  berlinite. 
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Figure  3.23.  Schematic  diagram  of  the  autoclave  designed  for  solubility 
measurements  J58l 
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Rocking  Autoclaves.  These  are  more  versatile  designs  for 
carrying  out  a variety  of  hydrothermal  experiments  including  measure- 
ments of  mineral  and  gas  solubilities,  mineral  phase  stabilities,  kinetics  of 
mineral  transformations,  stable  isotope  fractionation  factors,  experiments 
involving  crystal  growth,  and  the  formation  of  synthetic  fluid  inclusions. 
Some  of  these  experiments  arc  not  only  hazardous,  but  also  have  errors  in 
applications  and  equipment  failure.  Figure  3.25  shows  a schematic  diagram 
of  a rocking  autoclave,  which  can  be  used  for  various  types  of  studies. [62] 
These  autoclaves  are  made  of  stainless  steel  or  other  useful  alloys  and 
contain  usually  the  self-energized  closures.  There  can  be  two  types  of 
rocking  autoclaves:  1)  fixed- volume  systems,  and  2)  flexible-cell  system. 
These  systems  are  placed  in  a furnace  that  rotates  on  an  axis  180°, 
approximately  ten  times  each  minute.  The  puipose  of  rocking  the  pressure 
vessel  is  for  temperature  stability  and  homogeneity  as  well  as  to  mix  the 
contents  of  the  reaction  cell,  thereby  accelerating  chemical  exchange 
between  solids  and  fluids  and  attainment  of  equilibrium.  [14i  These  rocking 
autoclaves  provide  an  extremely  reliable  and  effective  means  of  conduct- 
ing hydrothermal  experiments  under  supercritical  conditions. I63l  A reader 
can  get  more  information  on  the  rocking  autoclaves  in  Refs.  64  and  65. 

Multi-Chamber  Autoclave.  Multi-chamber  autoclaves  are  very 
useful  in  carrying  out  hydrothermal  experiments  with  separately  placed 
charge  nutrients,  and  offer  some  advantages  in  the  synthesis  of  special 
materials.  The  reaction  products  occur  through  ion  diffusion.  Yanagisawa 
et  al.  (1997)  have  designed  and  tested  these  multi-chamber  autoclaves  for 
the  synthesis  of  xonotlite  whiskers  by  ion  diffusion.  Figure  3.26  shows  the 
schematic  diagram  of  the  multi-chamber  autoclaved66!  It  is  made  up  of 
stainless  steel  with  a total  inner  volume  of  50  cm3  and  has  two  separate 
chambers  each  with  volume  12.5  cm3.  The  authors  placed  silica  and 
calcium  source  at  the  bottom  of  each  chamber,  and  poured  decarbonated 
distilled  water  into  the  autoclave  so  as  not  to  suspend  the  raw  materials. 
The  silica  source  was  brought  into  contact  with  the  calcium  source  via 
water,  thus,  ion  species  dissolved  from  the  two  sources  diffuse  into  each 
other  in  the  autoclave  to  produce  xonotlite  (hydrated  calcium  silicate). 
Platinum  plates  are  placed  in  the  autoclaves  to  collect  the  reaction  products 
formed  by  ion  diffusion.  The  design  must  have  originated  from  the  solution 
growth  and  gel  growth  techniques.  This  autoclave  can  work  up  to  a 
temperature  of  250°C  and  pressure  usually  < 100  bar.  Flowever,  this 
design  is  very  useful  for  the  synthesis  of  some  special  compounds  through 
ion  diffusion. 


Figure  3.26.  Schematic  diagram  of  the  multi-chamber  autoclave.  l66l 
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Autoclaves  for  Sampling  of  Hydrothermal  Fluids.  The  “black 
box”  nature  of  the  hydrothermal  system  hinders  the  ready  understanding  of 
the  hydrothermal  crystallization  processes  taking  place  in  a given  set  of 
conditions  in  an  autoclave.  This  is  one  of  the  reasons  for  the  slow  raise  in 
the  popularity  of  hydrothermal  research,  especially  in  the  previous  century. 
The  earliest  autoclave  designs  did  not  have  any  provisions  for  the  with- 
drawal of  the  sample  or  fluid  from  the  autoclave  during  the  experimental 
run.  As  the  experiment  progresses,  the  solvent- solute  interaction  yields 
several  metastable  and  stable  phases,  accompanied  by  a continuous  change 
in  the  characteristic  properties  of  the  media,  for  example,  the  pH,  redox 
potential,  and  so  on.  It  is  possible  to  understand  these  changes  only  if  we 
can  withdraw  the  hydrothermal  solution  from  the  autoclave  and  subject  it 
to  several  studies,  or  by  introducing  a desired  gaseous  pressure  in  the 
autoclave  through  an  external  pressure  source.  It  is  only  in  the  last  few 
decades,  such  provisions  have  been  made  in  the  autoclave  designs,  and 
they  are  commercially  available.  Figures  3.27,  3.28,  3.29  show  the  com- 
mercially available  autoclaves  with  facilities  to  draw  out  the  sample  or 
fluid.  These  are  popularly  known  as  Start  Parr  autoclaves  (Japan) 
(USA)  and  Berghoff  autoclaves.  [67k68l  Also  some  Japanese  manufactur- 
ers have  come  out  with  similar  designs.1691170  Several  configurations  of 
valves  permit  the  sampling  of  fluids  from  hydrothermal  vessels.  The 
hydrothermal  experiments  using  these  autoclaves  permit  us  periodic  sam- 
pling at  constant  temperature  and  pressure,  and  total  fluid  chemical  analy- 
sis. If  mineral  buffers  are  used  to  constrain  the  activity  of  pertinent 
aqueous  species,  these  species  should,  if  at  all  possible,  be  monitored 
directly  to  determine  the  system  and  provide  a means  to  evaluate  buffer 
reactivity  and  equilibria.  Such  studies  have  been  earned  out  with  exces- 
sively dissolved  02,  and  the  other  with  excessively  dissolved  H2  and  CH4, 
to  evaluate  reaction  progress  and  equilibria  in  the  system  Fc304-Fc,0  ,-S- 
C-NaCl-H20  at  300°C,  500  bars.  The  dissolved  concentrations  of  several 
redox- sensitive  species  were  periodically  monitored.  I65] 

It  is  important  to  measure  the  total  weight  of  solution  withdrawn 
from  the  vessel,  including  both  liquid  and  vapor  phases.  Partitioning  of 
water  from  the  liquid  to  the  vapor  phase  can  significantly  change  the 
effective  concentration  of  dissolved  solutes  from  their  initial  room  tem- 
perature values.  For  example,  a solution  of  1 M NaCl  at  room  temperature 
would  increase  10%  in  effective  concentration  to  1.1  M,  in  a vessel  at 
350°C,  half-filled  with  liquid,  because  of  the  water  partitioned  out  of  the 
liquid  into  the  gas  phase.  After  each  sample  is  taken,  the  salt  and  gas 
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concentrations  must  be  recalculated  for  the  effect  of  partitioning  into  the 
increased  vapor  volume,  for  the  temperature  of  the  next  sample.  As  the 
whole  procedure  is  highly  complicated  and  cumbersome,  the  sampling 
studies  are  done  only  in  some  special  cases,  when  required.  This  is 


Figure  3.27.  Commercially  available  autoclaves.  ( Photo  courtesy  of  Parr  Instru- 
ments Co.,  Illinois,  USA.) 
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Figure  3.28.  Commercially  available  autoclaves.  ( Courtesy  ofM/S/Toshin  Kogyo 
Co.  Ltd.,  Japan.) 


Figure  3.29.  Commercially  available  autoclaves.  ( Courtesy  of  M/S  Toshin  Kogyo 
Co.  Ltd.,  Japan.) 
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extremely  useful  in  the  solution  speciation  calculations  to  know  the  regular 
changes  in  the  chemical  equilibria,  pH,  and  so  on. 

Hydrothermal  Autoclaves  for  Electrical  Conductance  Mea- 
surements of  Electrolyte  Solutions.  Although  the  electrical  conduc- 
tance of  the  dilute,  aqueous  electrolytes  was  highly  desired  in  hydrothermal 
research  in  the  early  days,  it  was  not  popular  among  hydrothermal  re- 
searchers owing  to  the  lack  of  suitable  autoclaves  to  work  with  such 
provisions  under  hydrothermal  conditions.  The  electrical  conductance  mea- 
surements determine  the  extent  of  ionic  behavior  versus  association  of  a 
dissolved  aqueous  electrolyte  on  the  basis  of  conductance  theory.  It  was 
not  until  early  1950s  that  Fogo  et  al.  (1951,  1954)  developed  an  apparatus 
and  studied  the  conductivity  of  aqueous  NaCl  solutions  at  temperature  up 
to  400°C  and  pressures  to  300  bars.  They  were  the  first  to  obtain  the 
values  of  ionization  constants  of  NaCl  as  a function  of  density  in  the 
supercritical  region .l71lt72l  Followed  by  this.  Prof.  E.  U.  Franck  from 
Gottingen,  presently  at  Karlsruhe,  Germany,  carried  out  the  most  pioneer- 
ing research  work  from  1950s  to  dated731'!751  The  other  notable  contribu- 
tions are  from  T.  M.  Seward,  from  ETH,  Zurich, !761!771  w.  L.  Marshall 
from  Oak  Ridge  National  Lab.,  USA)7811791  Ryzhenko,  Smolyakov,  of 
Russia, I80!!81!  and  Helgeson,  of  USA,!821!831  who  not  only  popularized  this 
field,  but  also  designed  some  novel  autoclaves  for  such  studies.  Figures 
3.30  and  3.31  show  the  schematic  diagrams  of  the  interior  of  a conduc- 
tance cell,  and  the  conductance  cell  and  electrodes  developed  by  Quist  and 
Marshall  which  are  in  use  at  the  Oak  Ridge  National  Lab.,  USA,  for 
studies  up  to  800°C  and  pressures  4 kbar.  Though  this  vessel  was  designed 
in  1956,  initially  by  Franck  in  1968,  it  was  improved  greatly  by  Quist  and 
Marshall.!731!841  The  cell  assembly  is  made  of  61  cm  long  platinum — 25% 
iridium  lined  pressure  vessel  with  a platinum-iridium  wire  running  from  one 
end  of  the  vessel  through  a 30.5  cm  long  aluminium  oxide  tube  to  a 
platinum-iridium  cylinder  in  the  center.  The  wire  passes  out  of  the  vessel 
through  a Bakelite  (a  trademark  of  Union  Carbide  Corporation)  insulator. 
The  linings  of  the  vessel  and  the  small  cylinder  are  both  electrolytically 
coated  with  “platinum  black”  (a  mixture  of  fine-grained  platinum  and 
platinum  oxide)  and  both  linings  act  as  the  two  electrodes.!851 

Hydrothermal-Electrochemical.  The  hydrothermal-electro- 
chemical  method  is  an  attractive  technique  for  the  synthesis  of  several 
complex  oxide  thin  films,  including  the  perovskite  type.  The  method  makes 
positive  use  of  the  reaction  between  species  included  in  the  electrolytic 
solution  and  the  substrate  being  used  as  an  electrode  of  the  electrolytic  cell 
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under  hydrothermal  conditions.  For  example,  perovskite-type  oxide,  AB03, 
has  to  be  synthesized  on  an  electrode  of  B-site  metal  being  oxidized 
anodically  in  an  alkaline  solution  containing  an  A-site  element  at  lower 
temperatures  (typically,  100°-200°C)  than  those  needed  for  conventional 
methods.  Flaw  kins  and  Roy  (1967)  introduced  electrodes  into  a hydrother- 
mal bomb  and  studied  the  influence  of  an  electric  field  on  the  synthesis  of 
Kaolinited86!  They  showed  a very  substantial  effect  (>  100°C)  of  lowering 
the  crystallization  temperature  of  Kaolinite.  Yoshimura  popularized  this 
concept  by  extending  it  to  the  synthesis  of  electroceramics,  particularly 
perovskite-type  oxides.  187H89]  Basca  et  al.  (1992)  reported  its  advantages 
and  disadvantages  compared  with  a pure  hydrothermal  method, 19°1  and 
Bendale  et  al.  (1993)  investigated  the  thin  film  formation  at  lower  tempera- 
ture (29 1 (MFC).191 1 Yoshimura’s  group  has  worked  extensively  on  this 
and  successfully  prepared  perovskite-type  titanates  such  as  SrTi03,  CaTi03, 
and  BaTi03  thin  films  up  to  several  micrometers  in  thickness,  almost 
linearly,  at  fairly  lower  temperatures  (<  90°C).  They  have  also  studied  the 


Figure  3.30.  The  schematic  diagram  of  the  interior  of  a conductance  cellJ84! 
(Actual  conductance  cell  is  shown  in  Fig.  3.31.) 
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Figure  3.31.  A conductance  cell. I84]  (Schematic  is  shown  in  Fig.  3.30.) 


growing  interface,  the  transport  mechanism  of  the  atoms  across  the 
growing  film  without  concentration  gradients. 

Figure  3.32  shows  the  schematic  diagram  of  the  autoclave  de- 
signed in  Yoshimura’s  laboratory  at  the  Tokyo  Institute  of  Technology, 
Japan,  for  the  hydrothermal-electrochemical  reactions,  using  three-elec- 
trode technique  of  Bard  et  al.  ( 1 980). 1921  This  has  a provision  to  measure 
potentials  of  electrodes  in  aqueous  solutions  in  high  temperatures  and 
pressures  on  a thermodynamically  meaningful  scale,  regardless  of  the 
electrolysis  conditions. [93]  [95]  The  preprocessed  Ti  substrate  and  the  plati- 
num plate  were  suspended  as  the  working  electrode  (anode)  and  the 
counter  electrode  (cathode),  respectively,  by  0.5  mm  diameter  wires  of  the 
same  metal  keeping  an  interval  of  30  mm  between  them  in  the  electrolytic 
cell  containing  500  ml  of  the  solution.  The  Ti  electrode  is  kept  at  a desired 
potential  until  a prescribed  quantity  of  electricity  passes  through  it.  The  Ti 
electrode  potential,  the  electrolysis  current,  and  the  quantity  of  electricity 
passed  through  the  Ti  electrode  were  recorded  as  functions  of  the  elec- 
trolysis time  to  investigate  the  effect  of  oxygen  evolution  at  the  Ti  electrode 
on  the  microstructure  of  the  growing  films,  in  a series  of  experiments.  The 
pressure  of  the  electrolytic  cell  was  controlled  at  higher  values  than  the 
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saturated  vapor  pressure.  S i in  i I al  ly,  the  galvanostatic  electrolysis  can  be 
used  to  control  the  rate  of  oxygen  evolution. 

Autoclave  for  Ammonothermal  Synthesis.  The  first  investiga- 
tions on  metal  ammonia  solutions  were  carried  out  by  Weyl  in  1864[96]  and 
Seely  in  1871  J97]  It  is  well  known  that  alkali  and  alkaline  earth  metals 
(except  Be),  as  well  as  lanthanides  like  europium  and  ytterbium,  dissolve  in 
liquid  ammonia  under  normal  pressure.  These  interesting  metal  ammonia 
solutions  have  inspired  many  preparative  chemists  to  synthesize  mate- 
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rials  in  ammonia  solution  under  hydrothermal  conditions.  The  reaction 
products  obtained  in  liquid  ammonia  under  normal  pressure  are  mostly 
microcrystalline  or  even  amorphous.  But  this  problem  can  be  solved  by 
working  with  supercritical  ammonia  as  solvent  and  reactant  at  pressures 
up  to  6 kbar  and  temperatures  up  to  520°C.  Thus  specially  designed 
autoclaves  are  needed.  As  many  of  the  compounds  prepared  by  this 
method  are  sensitive  to  moisture  and  oxygen,  special  glove  boxes  have 
been  constructed.  Figure  3.33  shows  the  schematic  diagram  of  the  auto- 
clave designed  by  Jacobs  and  Schmidt  (1982)  to  work  in  the  region  of 
supercritical  ammonia. i98l  The  autoclave  is  made  up  of  a special  alloy 
vacumelt  ATS  340.  Above  527°C,  this  alloy  begins  to  flow.  On  the  other 
hand,  the  workability  of  this  alloy  is  quite  difficult.  The  closing  mechanism 
is  a Bridgman-type  closing,  and  the  sealing  rings  are  usually  made  up  of 
copper  or  brass.  Chalcogenides  and  polychalcogenides  can  also  be  synthe- 
sized by  the  reaction  of  the  alkali  metals  with  sulfur,  selenium,  or  tellurium 
in  ammonia  under  high  pressure.  Similarly  some  hydroxides  and  hydrosulfides 
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Figure  3.33.  Schematic  diagram  of  the  autoclave  designed  by  Jacobs  and 
Schmidt.™ 
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can  be  synthesized.  Besides  the  synthesis,  the  ammonothermal  technique 
has  potential  in  the  treatment  or  disintegration  of  organic  compounds. 

Microautoclave.  Yamasaki  et  al.  (1996)  have  developed  a micro- 
autoclave lined  with  inconel-600  with  reaction  chamber  volume  of  1 8 ml 
for  hydrothermal  oxidation  studies.  The  oxygen  gas  can  be  charged  into  the 
reaction  chamber  through  the  high-pressure  value  as  an  oxidant.  l"l  Figure 
3.34  shows  the  schematic  diagram  of  the  microautoclave  for  using  high- 
pressure  gas.  An  A1203  stirring  ball  of  diameter  9.0  mm  was  added  to  the 
autoclave  and  oxygen  gas  (2.0  MPa)  was  charged  through  the  pressure 
valve  as  oxidant.  This  setup  has  been  used  by  the  designers  to  study  the 
oxidation  behavior  of  lead  metal,  and  this  autoclave  is  very  effective  for  the 
treatment  of  lead.  As  the  oxidation  of  sprayed  liquid  lead  is  carried  out, 
usually  at  high  temperature  (250-400°C),  by  conventional  processes,  it 
results  in  vaporization  of  lead  leading  to  an  inevitable  environmental 
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Figure  3.34.  Schematic  diagram  of  the  microautoclave. 191,1 
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pollution  problem.  In  this  connection,  this  novel  equipment  comes  as  a 
helping  device. 

Hydrothermal  Autoclaves  for  Visual  Examination.  The  hy- 
drothermal process  cannot  be  monitored  by  “looking”  into  a steel  auto- 
clave. Systematic  errors  appear  in  the  analysis  of  the  crystallization 
conditions  because  the  post-factum  information  is  difficult  to  interpret  and 
is  mainly  based  on  consecutive  approximations  which  are  only  sufficient  if 
the  crystal  growth  is  reproducible.  Nevertheless,  in  this  case,  it  is  difficult 
to  point  out  a parameter  that  controls  the  entire  process  because  the 
greater  the  number  of  non-measured  parameters  in  the  method,  the  more 
difficult  it  is  to  optimize  the  solution.  In  order  to  facilitate  the  direct 
observation  and  control  of  dissolution  of  solids,  their  synthesis,  recrystalli- 
zation, and  growth  on  seeds,  several  hydrothermal  autoclaves  with  quartz 
and  sapphire  windows  have  been  designed  both  in  the  West  and  in  Russia. 
However,  their  potential  has  not  been  fully  exploited  as  the  designs  are 
highly  complex,  especially  the  earliest  designs  of  Turlakov  et  al.|9<J|  and 
Kuznetsov  and  Lobachev  (1973)  which  are  quite  cumbersome  to  oper- 
ate.110011 101  I The  objective  of  these  earlier  authors  was  to  study  the  physico- 
chemical properties  of  hydrothermal  solutions,  the  states  of  crystalline 
substances  in  them,  the  solution  chemistry,  and  so  on,  by  direct  observa- 
tion. Their  studies  also  included  investigation  of  the  convection  currents  in 
the  autoclave.  For  this  purpose,  the  walls  of  the  autoclaves  are  drilled  with 
two  diametrically  opposite  holes,  which  are  covered  with  transparent 
crystals,  or  windows  made  of  quartz  or  sapphire.  If  the  interior  of  the 
autoclave  is  illuminated  through  one  such  window,  one  can  observe  what  is 
happening  in  the  autoclave  through  the  other.  By  replacing  the  eye  with  a 
camera,  movie  camera,  or  video  camera,  one  can  record  the  processes 
taking  place  inside  the  autoclave;  and  by  using  a spectrograph,  the  state  of 
the  solution  can  be  investigated.  Figure  3.35  shows  the  schematic  diagram 
of  the  autoclave  with  transparent  windows. [102]  Several  problems  arose 
while  using  these  autoclaves  under  moderate  to  higher  pressures  and 
temperatures  due  to  the  differential  expansion  of  steel  and  sapphire,  which 
can  be  partially  overcome  by  machining  the  cap  from  a material  with  a 
coefficient  of  thermal  expansion  similar  to  that  of  the  windows.  For 
example,  niobium  has  been  successfully  used  to  about  750°C  in  combina- 
tion with  sapphire  windows. F°3]  The  experiments  showed  that  when  the 
autoclave  is  not  under  higher  pressure-temperature  conditions,  the  struc- 
ture could  easily  support  an  internal  pressure  up  to  1 kb.  However,  it  did  not 
always  remain  sealed  when  subjected  to  high  temperature  and  pressure 
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and  to  an  active  soda  solution.  The  cause  of  leakage  was  either  the 
cracking  of  sapphire  windows  or  solution  squeezing  out  through  the  sleeve 
sapphire  seal.  At  temperatures  >300°C,  the  surfaces  of  sapphire  cylinders 


(1)  Window;  (2)  body  of  autoclave;  ( 3)  copper  casing;  (4)  thermal  insulation; 

(5)  measuring  thermocouples;  ( 6)  resistance  thermometer;  (7)  thermocouples; 

(8)  heater;  (9)  seal;  (10)  camera;  (1 1)  device  for  automatic  single  frame  filming; 
(12)  three  channels  proportional  regulator;  (13)  12-point  EPR-09-Rd  apparatus; 

(14)  pressure  gauge. 

Figure  3.35.  Schematic  diagram  of  the  autoclave  with  transparent  windows. [1021 


in  contact  with  the  solution  were  etched  and  their  transparency  was 
impaired. 

In  recent  years,  several  improvements  have  been  made  in  the 
designs,  and  special  provisions  have  been  made  to  perform  optical/ 
spectroscopic  measurements.  For  example,  the  Laser  Raman  and  other 
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vibrational  spectroscopic  cells  have  been  fabricated  in  some  of  the 
recent  autoclave  designs,  b04!  It  is  worth  mentioning  here  that  the 
recent  advances  in  the  instrumentation,  particularly  to  study  the  optical/ 
vibrational  spectroscopic  measurements  under  hydrothermal  conditions, 
have  contributed  greatly  to  understanding  the  nature  or  behavior  of  hydro- 
thermal  solutions  during  the  crystallization  process  and  the  complexation 
processes  taking  place  inside  the  autoclave.  Thus,  the  hydrothermal  auto- 
clave is  no  longer  a “black  box.”  Further,  such  studies  have  greatly  helped 
in  reducing  the  pressure-temperature  conditions  of  growth  for  a large 
variety  of  inorganic  compounds.  With  the  reduction  in  the  pressure- 
temperature  conditions  of  growth,  one  can  use  thick  glass  walled  or  thick 
silica  glass  autoclaves,  which  permit  visual  examination. 

Hydrothermal  Hot  Pressing.  Hydrothermal  hot  pressing  (HHP) 
technology  is  a method  by  which  hard  solid  bodies  from  powders  can  be 
produced  in  a short  time  and  at  a relatively  low  temperature  (approximately 
200-300°C)  under  saturated  vapor  pressure. h°5]  Using  the  hydrothermal 
hot  pressing  technique,  one  can  obtain  sintered  compacts  of  pure  oxides  or 
inorganic  powders  which  arc  not  possible  to  obtain  by  other  ordinary 
sintering  processes  due  to  the  transformation.  Silicate  powders  such  as 
borosilicate  and  silica  glass  can  easily  form  a solid  body  by  hydrothermal 
hot  pressing  technology  with  compression  at  20-30  MPa  when  the  proper 
amount  of  water  or  alkaline  solution  is  added  as  a mineralizer. 

In  this  technique,  a stalling  powder  containing  water  is  continu- 
ously compressed  from  outside  an  autoclave  under  hydrothermal  condi- 
tions. The  powder  is  hydrothermally  treated  at  autogenous  pressure  while 
it  is  compressed  at  much  higher  pressure  than  the  vapor  pressure  inside  the 
autoclave.  Figure  3.36  shows  the  schematic  diagram  of  an  autoclave  for 
hydrothermal  hot  pressing.  It  is  a cylinder  made  of  steel  with  a cylindrical 
chamber  1 cm  in  diameter.  The  term  reaction  pressure  means  compres- 
sive pressure  from  outside  the  autoclave.  The  effective  pressure  for 
samples  in  the  autoclave  should  be  smaller  than  the  reaction  pressure 
because  of  vapor  pressure  in  the  autoclave.  The  piston  had  a space  into 
which  water  from  the  stalling  sample  was  released  by  the  hydrothermal 
hot-pressing  treatment.  The  gland  packing  made  of  teflon  between  the 
piston  and  the  push  rod  prevented  leakage. 

This  technology  has  been  used  successfully  for  solidification  of 
various  industrial  wastes  such  as  sludge  ash,F°6]  radioactive  wastes, t107] 
and  concrete  wastes.1 108 1 One  of  the  advantages  of  hydrothermal  hot- 
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1 .  Piston 


2.  Inner  case 


3.  Sample 

4.  Outer  case 


5.  Piston 


Figure  3.36.  Schematic  diagram  of  (a)  die,  and  (b)  autoclave  for  hydrothermal  hot 

pressing.!107] 
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1.  Push  rod 

2.  Nut  for  pushing  gland  packing 

3.  Nutfor  pushing  cone 

4.  Gland  packing 

5.  Cone 

6.  Space  for  water  retreat 

7.  Sample 

8.  Well  for  thermocouple 


(b) 


Figure  3.36  .(Cont’d.) 
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pressing  technology  is  that  the  hydrothermal  reaction  occurs  in  a closed 
system,  which  prevents  the  evaporation  of  volatile  materials. I109! 

Vertical  Autoclaves  Used  in  Hydrometallurgy.  High-pressure 
hydrometallurgy  has  made  considerable  progress  in  the  last  decade  owing 
to  advances  in  autoclave  designs,  which  are  quite  large  and  are  on  an 
industrial  scaled110!  These  autoclaves  may  be  in  the  form  of  cylinders, 
vertically  mounted  or  horizontally  laid,  spherical,  or  in  the  form  of  a long 
horizontal  tube.  The  agitation  in  these  autoclaves  is  accomplished  with  the 
injection  of  high-pressure  steam.1 1 1 1 1 These  steam  agitated  autoclaves 
are  used  mainly  for  leaching  bauxite  by  NaOH  within  the  temperature 
range  140-1 50°C,  and  pressure  2500-3500  kPa.  The  vessels  arc  usually 
fabricated  from  welded  steel  cylinders  with  spherical  ends.  Diameters 
vary  from  1.5  to  2 m and  heights  from  6 to  12  m.  Autoclaves  of  similar 
designs,  but  with  acid  resistant  brick  lining,  are  used  for  leaching  oxidized 
ores,  e.g.,  laterites  by  concentrated  H2S04  at  250°C  and  4000  kPa.  These 
autoclaves  have  undergone  an  enormous  increase  in  size  for  processes 
treating  pyrite  and  arsenopyrite  concentrates,  containing  gold  particles  and 
other  related  sulfide  ores.  Some  autoclaves,  especially  with  spherical 
shape,  have  provisions  for  rotation  at  8-15  rpm.  In  continuous  operations, 
high-pressure  membrane  piston  pumps  are  used  for  introducing  pulps  into 
autoclaves.  Figure  3.37  shows  schematic  diagrams  of  representative  auto- 
claves. 11121  The  reader  can  get  more  information  in  the  works  of  Fathi 
HabashiJ110!!111!!113! 

Flow  Reactors.  Under  high-temperature  and  high  pressure  con- 
ditions, water  has  excellent  properties  similar  to  those  which  many  organic 
liquids  have  at  normal  conditions.  Much  attention  has  been  paid  to  the 
utilization  of  supercritical  water  as  a reaction  medium  in  which  the  decom- 
position of  dangerous  and  toxic  wastes,  polymeric  wastes  or  hazardous 
waste,  the  recovery  of  inorganic  compounds,  the  preparation  of  new 
materials  and  so  on,  have  been  performed.  l114k115!  Hydrothermal  flow 
reactors  are  the  most  suitable  apparatus  for  such  examination.  A sche- 
matic diagram  of  a typical  flow  reactor  is  shown  in  Fig.  3.38.  This  consists 
basically  of  a sample  solution  reservoir,  a liquid  supply  pump,  a pressure 
transducer,  digital  temperature  indicators,  a spiral  tubular  reactor,  a high- 
temperature  thermostat,  and  a sampling  vessel.  To  avoid  the  entry  of  air 
into  the  sample  solution,  the  sample  solution  reservoir  is  filled  with  nitrogen 
gas.  There  are  several  versions  of  the  flow-reactors  and  it  is  not  possible  to 
describe  all  the  designs.  Hence,  we  have  shown  only  a representative  one 
in  Fig.  3.38.  In  recent  years,  large  scale  flow  reactors  are  becoming  very 
popular  owing  to  the  growing  environmental  awareness,  and  it  is  predicted 
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Figure  3.37.  The  schematic  diagrams  of  autoclaves. 


Impeller 


Figure  3.37.  ( Cont’d .) 
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Figure  3.38.  Schematic  diagram  of  typical  flow  reactor.  I114l 
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that  there  is  a great  future  for  this  research  in  treating/recycling  industrial 
waste. 

Autoclaves  for  Accelerating  the  Kinetics  of  Hydrothermal 
Reactions.  There  is  a growing  interest  in  recent  years  in  enhancing  the 
hydrothermal  reaction  kinetics  through  superimposing  electric  fields  or 
mechanical  forces,  or  mechano-chemically  including  high  uniaxial  pressure 
with  or  without  shear  mechanical  grinding,  sonochemically  (or  acoustic 
wave  stimulation,  AWS),  with  microwave  fields,  and  so  on.1 1 161  These 
techniques  are  being  popularly  used  to  synthesize  a great  variety  of 
materials  and  also  materials  processing.  Burns  and  Brcdig1 1 l7i  had  estab- 
lished the  remarkable  effect  that  grinding  calcite  in  a mortar  converts  it  into 
aragonite.  Dachille  and  Roy  (1960)  generalized  the  finding  to  many  other 
phases  such  as  Pb02,  MnF2,  etc.,  showing  that  mechano-chemical  effects 
produced118! 

a.  High  pressure  phases  stable  above  or  even  about 
10-15  kbar  at  room  temperature. 

b.  Enhanced  kinetics  by  nearly  two  orders  of  magnitude 
in  similar  high-pressure  solid  state  reactions,  when 
shearing  stresses  are  superimposed  on  pressures  up 
to  100,000  atm. 

It  is  obvious  that  the  grinding  and  mechanical  mixing  and  subse- 
quent fracture  generate  fresh,  highly  reactive  surfaces,  and  lead  to  sub- 
stantial improvement  in  the  reaction  kinetics — especially  in  the  conversion 
of  highly  stable  oxides  to  make  clays.  This  was  made  possible  by  a simple 
innovation  in  apparatus.  In  effect,  the  Morey  autoclaves  were  converted 
into  ball  mills  or  rod  mills.11 191112°!  The  autoclave  is  rotated  around  its  long 
axis  inside  the  furnace.  An  increase  in  the  rate  of  reaction  by  two  or  three 
orders  of  magnitude  can  be  attained  at  a given  pressure  and  temperature. 
It  is  not  clear  whether  this  should  be  ascribed  to  strain  energy  stored  in  the 
lattice  or  merely  to  breakage  of  bonds. 

Boldyrev  (1996),  through  his  extensive  work  with  mechano-chemical 
effects,  concludes  that  for  many  reactions  it  is  possible  to  increase  the 
kinetics  by  about  two  orders  of  magnitude.11201 

During  the  early  1980s,  a considerable  number  of  publications 
have  appeared  in  the  field  of  sonochemical  breakdown  of  liquid  phases. 
Suslick  (1990)  gives  an  excellent  review  on  this  topic  and  shows  that 
metallic  phases  may  be  melted  and/or  corroded  in  aqueous  suspension  at 
“room  temperature.”1121!  The  general  understanding  is  that  collapsing 
bubbles  during  cavitation  could  generate  temperatures  of  the  order  of  5000 


148  Handbook  of  Hydrothermal  Technology 


K and  modest  local  pressures.  Roy  and  his  group  attempted  to  synthesize 
novel  materials  or  combination  reactions,  which  could  be  accelerated  at 
least  by  two  orders  of  magnitude  by  using  AWS.  These  AWS  techniques 
have  an  interesting  effect  on  sized122]  In  another  case,  ultrasonic  energy 
was  used  to  accelerate  the  formation  of  hydroxylapatitc. 11231  Abu-Samra 
et  al.  (1975)[124]  and  Kingston  and  Jassie  (19  8 8)1125]  reported  that  all 
inorganic  mineral  phases  can  be  dissolved  faster  in  (dilute)  acids  by 
several  orders  of  magnitude  when  a microwave  field  is  superimposed 
upon  mild  (<  200°C,  10-20  bars)  hydrothermal  conditions.  This  technique 
is  used  worldwide  today  for  chemical  analysis  as  well  as  for  dissolving 
samples.  Komarneni  and  Roy  (1992,  1995),  in  a series  of  recent  papers, 
have  been  applying  hydrothermal-plus-microwave  conditions  for  material 
synthesis,  and  their  study  enhances,  by  two  orders  of  magnitude,  the 
reaction  kinetics  of  many  reactions  from  the  precipitation  of  metals  from 
polyols  to  the  synthesis  of  ferrites,  phosphors,  and  so  on.1 12611  l27l  There  is 
also  some  advantage  in  morphology  control  and  it  sometimes  leads  to  the 
crystallization  of  new  phases  like  hydrate  of  Al-,0.1 1281  Recently  Komarneni 
(1993)  has  reviewed  the  importance  of  this.11291  Figure  3.39  shows  a 
schematic  diagram  of  a typical  hydrothermal-plus-microwave  set  up.11281 
As  the  popularity  of  this  technique  is  growing  with  the  new  results 
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Figure  3.39.  Schematic  diagram  of  a typical  hydrothermal-plus-microwave. 11281 
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poured  into  literature,  there  is  already  a commercial  production  of  these 
autoclaves. 

There  are  several  other  designs  of  hydrothermal  autoclaves  to  suit 
a specific  puipose.  For  example,  Strubel  (1975)  has  designed  a teflon-lined 
autoclave  with  a stirrerJ1301  Similarly,  Shternberg  (1971)  has  designed  a 
double  autoclave  (exoclave)  in  order  to  avoid  having  a mechanical  com- 
pression system  for  producing  a desired  pressure  in  the  reaction  cham- 
berJ5^  Also,  this  permits  independent  selection  of  temperature  and  pres- 
sure. The  exoclave  is  designed  for  use  at  temperatures  up  to  700°C  and 
pressures  up  to  3000  kPa/cm2. 

In  recent  years,  high-pressure  systems  (about  40  kbar,  tempera- 
tures up  to  1500°C)  have  been  used  in  the  synthesis  of  new  compounds. 
Cylindrical  platinum  cells  of  4 mm  diameter  and  6 mm  height  serve  as  the 
reaction  vessels.  Flowever,  these  high-pressure  vessels  are  not  very 
important  for  the  growth  of  crystals  and  processing  of  materials. 


3.6  SAFETY  AND  MAINTENANCE  OF  AUTOCLAVES 

Safety  is  the  prime  factor  in  carrying  out  experiments  under 
hydrothermal  conditions.  It  is  estimated  that,  for  a 100cm3  vessel  at  20  000 
psi,  the  stored  energy  is  about  20,000  joules.  Flydrothermal  solutions — 
either  acidic  or  alkaline — at  high  temperatures  are  hazardous  to  human 
beings  if  the  autoclave  explode.  Figure  3.40  a and  b show  stellite  Tuttle 
cold-cone  sealed  autoclaves  and  stainless  steel  acid  digestion  bombs  which 
ruptured  at  high  pressure.  Therefore,  vessels  should  have  rupture  discs 
calibrated  to  burst  above  a given  pressure.  Such  rupture  discs  are  commer- 
cially available  for  various  ranges  of  bursting  pressure.  Provision  should  be 
made  for  venting  the  live  volatiles  out  in  the  event  of  rupture.  A blow-down 
tank  has  to  be  commissioned  in  the  case  of  a large-size  hydrothermal 
laboratory.  Proper  shielding  of  the  autoclave  is  needed  to  direct  the 
corrosive  volatiles  away  from  the  personnel.  In  the  case  of  a large 
autoclave,  the  vessels  are  placed  with  proper  shielding  in  a pit.  For  safety 
puiposes,  when  hydrothermal  autoclaves  are  operated  simultaneously  at  a 
given  temperature,  a total  static  overpressure  caused  by  a simultaneous 
rupture  of  all  the  operating  autoclaves  should  not  exceed  0.5  psi,  which  is 
determined  by  the  strength  of  the  walls  and  the  dimension  of  the  labora- 
tory. In  several  laboratories,  make-up  pressure  units  are  installed  for 
safety. 
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The  hydrothermal  laboratory  should  have  a well-equipped  work- 
shop for  the  proper  maintenance  of  the  autoclaves.  After  each  run,  the 
autoclave  should  be  properly  treated  before  using  it  for  the  next  run.  The 
contacts,  especially  at  the  sealing  sections,  should  be  kept  shaip  without 
any  lint  by  polishing  the  surfaces  at  the  contact  after  each  run  to  avoid 
scratches.  The  gasket  must  remain  flat  in  its  seat  without  tilting.  The 
autoclave  threads  should  be  maintained  carefully  and  are  always  painted 
with  pipe  thread  lubricant  to  reduce  friction  and  prevent  seizing  of  the 
autoclaves  at  high  temperature.  Some  workers  even  place  a light  coating 
on  the  seal  rings  to  ensure  that  they  are  properly  sealed.  Graphite  grease  or 
graphite  in  water  medium  and  suspended  molybdenum  sulphide  or  copper 


Figure  3.40.  (a)  Stellite  Tuttle  cold-cone  sealed  autoclaves  and  (b)  stainless  steel 
acid  digestion  bombs  which  ruptured  at  high  pressure. 


lubricants  are  used.  For  runs  above  200°C,  graphite  lubricant  is  more 
effective  because  the  other  lubricants  may  decompose. 

With  a new  or  recently  remachined  vessel,  it  is  advisable  first  to 
clean  out  the  residual  cutting  oil  with  an  organic  solvent  and  to  heat  distilled 
water  in  the  vessel  one  or  more  times,  until  the  odors  of  sulfur  gases  or 
organic  species  are  no  longer  present.  For  vessels  that  have  been  used 
with  FFS,  many  cycles  may  be  required.  Once  a vessel  has  contained 
reduced  sulfur,  it  should  not  be  used  for  sulfur-free  experiments  unless  it 
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has  been  vacuum  cleaned  while  hot.  Such  a degassed  vessel  previously 
used  for  reduced  systems  can  then  be  heated,  at  about  350°C  open  to  the 
atmosphere,  to  promote  an  oxide  surface  layer  for  corrosion  protection. 
Proper  precaution  should  be  taken  while  sealing  the  vessel.  In  the  case  of 
cold-seal  equipment,  explosive  vessel  failure  is  of  paramount  concern. 
Such  failure  is  likely  to  occur  in  the  event  of  rapid  quenching  of  the  entire 
vessel  and  overheating  of  the  furnace.  In  spite  the  simple,  rapid  quench  it 
provides,  immersing  the  vessel  in  water  is  to  be  avoided.  Nowadays, 
numerous  remote  quenching  designs  have  been  developed.!13 1]  Several 
authors  have  discussed,  in  detail,  major  hazards  with  hydrothermal 
autoclaves.!36^132! 

Overheating  of  the  furnace  resulting  from  the  malfunction  of  the 
control  system  is  a common  reason  for  vessel  failure.  Hence,  furnaces 
should  be  properly  shielded.  Burns  from  hot  vessels  represent  another 
major  hazard  with  cold-seal  laboratories.  If  it  is  necessary  to  handle  a hot 
vessel,  it  should  be  done  by  grasping  the  relatively  cool  closure  assembly 
wearing  special  insulated  gloves. 

Note  that  any  vessel  to  be  heated  must  never  be  filled  completely 
with  an  aqueous  solution.  Fluids  expand  on  heating  and  are  capable  of 
generating  extreme  pressures  in  a fluid-filled  vessel  even  if  heated  only  for 
a few  degrees,  pressures  that  can  easily  rupture  an  autoclave.  It  is 
critically  important  to  calculate  the  thermal  expansion  of  the  aqueous  phase 
and  to  allow  at  least  20%  of  total  volume  of  the  vessel  for  uncertainty  or 
temperature  overturn.  An  apprenticeship  in  an  operating  hydrothermal 
laboratory  is  strongly  recommended  to  learn,  to  anticipate,  and  to  cope  with 
the  dangers  of  such  experiments.  For  those  planning  to  set  up  a hydrother- 
mal laboratory,  it  is  advisable  to  visit  other  existing  laboratories  to  review 
safety  procedures  as  well  as  design.  Therefore,  autoclave  maintenance 
and  safety  make  hydrothermal  experiments  quite  expensive. 
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Physical  Chemistry  of 
Hydrothermal  Growth  of 
Crystals 


4.1  INTRODUCTION 

This  is  perhaps  the  least  known  aspect  in  the  hydrothermal  growth 
of  crystals.  No  book  on  crystal  growth  gives  a complete  picture  of  the 
theoretical  aspects  of  hydrothermal  growth.  Similarly,  no  author  has  pro- 
duced a definitive  discussion  of  the  physical  chemistry  of  hydrothermal 
growth  of  crystals,  covering  aspects  of  physicochemical  and  hydrody- 
namic principles,  solutions,  solubility,  phase  equilibria,  thermodynamics, 
kinetics,  modeling  or  intelligent  engineering  of  the  hydrothermal  reactions, 
and  so  on.  The  Nobel  Symposium  organized  by  the  Royal  Swedish  Acad- 
emy of  Sciences  during  1978,  followed  by  the  First  International  Sympo- 
sium on  hydrothermal  reactions  organized  by  the  Tokyo  Institute  of  Tech- 
nology in  1982,  helped  in  setting  a new  trend  in  hydrothermal  technology  by 
attracting  physical  chemists  in  large  number. The  hydrothermal  physi- 
cal chemistry  today  has  enriched  our  knowledge  greatly  through  a proper 
understanding  of  hydrothermal  solution  chemistry.  There  are  several  groups 
all  over  the  world  working  on  various  aspects  of  physical  chemistry  under 
hydrothermal  conditions. 
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4.1.1  Physico-Chemical  and  Hydrodynamic  Principles  of  the 
Hydrothermal  Growth  of  Crystals 

This  is  one  of  the  fundamental  aspects  of  hydrothermal  growth  of 
crystals.  There  are  two  aspects  to  be  discussed  here: 

i.  The  physico-chemical  studies  on  various  aqueous 
solutions  studied  within  a wide  range  of  pressure 
temperature  conditions. 

ii.  The  physical  chemistry  of  the  hydrothermal  growth 
of  crystals. 

Each  one  of  these  has  been  studied  extensively.  However,  the 
correlation  of  the  two  works  has  not  been  done  with  enough  accuracy. 

Ezersky  et  al.  (1993a,  1993b)  have  studied  the  hydrodynamics 
under  hydrothermal  conditions  using  a shadowgraph  technique  J3kT  This 
facilitated  understanding  of  the  spatiotemporal  structure  of  hydrothermal 
waves  in  Marangoni  convection.  However,  a lot  more  experimental  and 
theoretical  developments  are  needed  to  clarify  and  complete  the  descrip- 
tion of  the  hydrothermal  waves.  Thus,  an  emphasis  is  made  on  some  of  the 
basic  physico-chemical  aspects  of  the  hydrothermal  growth  of  crystals. 

During  the  crystallization  process  from  saturated  solutions,  the  mol 
number  of  the  solute  compounds  changes  and,  therefore,  the  free  energy  is 
represented  as  a function  of  not  only  temperature  and  pressure  but  also  the 
mol  numbers: 

Eq.  (1)  G = f(T,P,nvn2,....n) 

Eq.  (2)  DG  = ( SG/8T)pn  dT  + ( 8G/8P)TndP 

+ (8G/8nl)PTn  dn{  + ( 8G/8n])PTndn2 

where:  = constant  mol  number  of  all  components, 

n-  = constant  number  of  components  except  one. 

The  variation  in  the  free  energy  can  be  expressed  in  terms  of  the 
chemical  potential: 

Eq.  (3)  (8G/8n)PTn  = q, 


When  P and  T are  kept  constant,  Eq.  (2)  becomes 
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Eq.  (4)  dGPT-  nidnl  + ,u/  dn2  + ...,  or  dGPT=  { Ldni)l,  T 

The  integration  of  Eq.  (4)  gives 
Eq.  (5)  GP  T=  Z, nt 

Differentiation  of  Eq.  (5)  gives 

Eq.  (6)  dGPT-  nydny  + n0dyi2  + ...  + /y/p,  + p;  r/p, 

+ ,ui  r/q2  + ...  + nidjdi  =Znld/jj  + Z//,  <r//i( 

By  equating  Eqs.  (4)  and  (6)  we  get 

Eq.  (7)  Enid/jj  = 0 

Equation  (7)  is  considered  as  the  overall  equilibrium  condition  in 
the  system  with  variable  mol  numbers  under  constant  P and  T . 

Let  us  consider  a hydrothermal  system  containing^  mol  of  solid  A 
and  partially  soluble  (n]A  mol)  in  nB  mol  solvent.  Then  the  free  energy  of 
the  system  corresponds  to  Eq.  (5): 

Eq.  (8)  G = nA  + nlA  + nB 

If  the  process  of  dissolution  of  the  solid  components  continues, 
then  the  free  energy  dG  becomes 

Eq.  (9)  G + dG  = (nA  - dn)/uA  + ( nlA  + dn)/ulA  + nB/JB 

The  change  in  the  free  energy  corresponding  to  this,  under  con- 
stant P and  T,  becomes 

Eq.  (10)  dG  = (P\A  - 

or 

Eq.  (11)  dG/dn  = q1A  - qA 


If  q1A  <qA,  then  dG/dn  is  negative  and  the  process  occurs  on  its 
own,  since  the  free  energy  decreases.  When  q1A  >qA,  the  crystallization 
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of  the  substance  from  solution  B takes  place  and  the  chemical  potential 
decreases,  and  when  ju1A  = /uA,  the  process  reaches  the  equilibrium  state. 
Consequently,  the  solute  component  changes  over  from  the  phase  wherein 
its  chemical  potential  is  higher  into  the  phase  where  its  chemical  potential  is 
lower.  The  phase  transition  stops  when  the  chemical  potential  of  the 
component  becomes  equal  in  both  phases.  It  is  observed  that  the  above- 
considered  mechanism  is  realized  only  when,  in  the  non-equilibrium  pro- 
cess, the  changes  in  dG  do  not  depend  upon  the  chemical  potential  and 
concentration  of  other  components  of  the  solution.  However,  consideration 
of  the  above  relationship  may  help  in  understanding  the  physico-chemical 
principles  of  the  hydrothermal  process. 

Most  hydrothermal  crystal  growth  experiments  are  carried  out 
under  the  conditions  of  temperature  gradient  in  standard  autoclaves.  The 
growth  of  a single  crystal  into  the  seed  can  be  carried  out  in  two  ways: 

a . Recrystallization  of  the  solid  substance,  including  its 
dissolution  in  the  liquid  phase,  convective  mass 
transfer  of  the  dissolved  part  of  the  substance  to  the 
growth  zone  or  seed. 

b.  Dissolution  of  the  mixture  of  the  nutrient  components 
with  the  help  of  their  convective  mass  transport  into 
the  growth  zone  and  interaction  of  the  dissolved 
components  on  the  seed  surface. 

The  methodology  of  the  growth  of  single  crystals  on  a seed  is  the 
establishment  of  growth  conditions  in  which  the  process  is  represented  by 
the  sum  of  macro-  and  micro-processes  occurring  between  the  interface 
boundary  of  the  solution  and  the  crystal.  The  composition  and  concentra- 
tion of  the  solution,  temperature  and  pressure,  hydrodynamic  conditions, 
and  surface  contact  of  the  phases  are  some  of  the  basic  physical  and 
chemical  parameters  which  determine  the  regime  and  rate  of  dissolu- 
tion of  the  nutrient,  mass  transport,  and  possibility  of  the  formation  of  new 
phases. 

The  isothermal  chemical  reaction  can  be  expressed  in  terms  of  the 
van’t  Hoff  equation 

Eq.  (12)  AG  PT  = RT  Inna' - RTlnKai- 


where: 
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Tta  - n'(a],y]) 

Ka  = n '(a  is  the  thermodynamic  equilibrium  constant 

y(  = activity  coefficient 

at  = initial  non-equilibrium  activity  of  the  nutrient  compo- 
nent in  the  solution 

at  = equilibrium  activity  of  the  nutrient  components  in  the 
solution 

From  Eq.  (12)  it  is  observed  that  AG  depends  upon  the  relative  values  of 
7ta'  and  Ka  when 

Eq.  (13)  na'  < Ka;  AG  < 0 

Eq.  (14)  na'  = Ka;  AG  = 0 

Eq.  (15)  na'  >Ka;  AG  > 0 

For  example,  in  Eq.  (13)  the  process  is  irreversible  and  the  reaction  takes 
place  from  left  to  right.  In  the  case  of  Eq.  (14),  the  reaction  takes  place 
under  equilibrium  condition  and,  for  example,  in  Eq.  (15)  the  process 
becomes  reversible.  As  a result,  the  changes  in  AG  in  Eq.  (12),  for 
example,  can  be  represented  as  follows: 

AG  = RT  In  (a  t/a'i), 

where  a fa]  is  the  analogue  of  the  relative  supersaturation. 

If  the  activity  coefficient  y ~1  or,  in  the  given  region,  y does  not 
depend  upon  the  concentration  then,  for  example  in  Eq.  (12),  the  activity 
coefficient  can  be  replaced  by  the  mol  fraction.  Then  the  ratio  a/a  ] is 
replaced  by  S/S],  where  S ] = undersaturated  solubility. 

Equilibrium  concentration  of  the  supersaturated  solution.  The  ratio 
S/S]  is  called  the  relative  supersaturation  or  degree  of  supersaturation. 

In  recent  years  there  has  been  good  progress  on  the  experimental 
side.  Much  credit  goes  to  the  Russian  hydrothermal  crystal  growers. 
Balitsky  and  Bublikova  (199 1)  have  studied  the  physico-chemical  founda- 
tion of  malachite  synthesis.  Similarly,  Kuznetsov  (1991)  has  reviewed  the 
physical  chemistry  of  hydrothermal  crystal  growth  and  the  crystallization 
of  some  A,B6  crystals.  Further,  Popolitov  (1991)  has  reviewed  the  physical 
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chemistry  of  the  hydrothermal  growth  of  tellurium  dioxide  crystals.  The 
reader  can  get  valuable  information  in  the  book  Hydrothermal  Growth  of 
Crystals d51 


4.2  BASIC  PRINCIPLES  OF  PHASE  FORMATION  UNDER 

HYDROTHERMAL  CONDITIONS 

A phase  is  defined  as  a part  of  the  system  that  is  homogeneous 
throughout  and  is  physically  separable  from  other  phases  by  distinct 
boundaries.  The  number  of  components  in  a system  is  the  minimum 
number  of  chemical  constituents  that  must  be  specified  to  describe  the 
composition  of  all  phases  present.  Phase  relationships  are  conveniently 
represented  by  means  of  phase  diagrams.  Phase  diagrams  and  the  phase 
rules  apply  only  to  systems  at  equilibrium.  These  data  are  extremely 
important  to  any  crystal  grower  for  successful  growth  of  crystals.  Gibbs 
deducted  a quantitative  relationship  for  phase  rule: 

F = C-P  + 2 

where  F = degrees  of  freedom,  C = number  of  components,  P = number  of 
phases. 

The  above  relation  holds  true  if  pressure,  temperature,  and  compo- 
sition are  the  only  variables.  If  other  variables  such  as  magnetic,  electric  or 
gravitational  fields  are  considered,  the  numerical  value  2 on  the  right-hand 
side  of  the  equation  will  increase  by  the  number  of  new  variables  consid- 
ered. 

The  hydrothermal  method  is  considered  as  one  of  the  best  meth- 
ods to  study  phase  relationships  in  numerous  systems,  and  the  PTX 
diagrams  thus  obtained  are  published  from  time  to  time.  Phase  equilibria 
have  been  considered  in  detail  by  several  workers.  A reader  can  get 
valuable  information  in  the  works  of  B rebrick  (1993)  published  in  Hand- 
book of  Crystal  Growth  (D.  T.  J.  Hurle,  ed.).  Hence,  we  restrict  our 
discussion  to  some  basic  systems  and  non-conventional  phase  diagrams. 

Among  the  binary  systems,  the  H90-C09  system  is  important  with 
regard  to  the  role  of  H00  and  C09  vapor  pressures  in  native  mineral 
formation  and  in  the  hydrothermal  synthesis  of  inorganic  compounds. 
Figure  4. 1 shows  the  phase  diagram  for  the  H20-C09  system. M It  is  found 
that,  below  the  critical  temperature  of  water,  the  dependence  V versus  P 
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has  a gap  at  the  pressure  corresponding  to  the  pressure  of  water  at  its 
critical  density.  The  isochores  of  real  mixtures  are  linear  up  to  the  immisci- 
bility  dome  that  gives  a possibility  to  experimental  data  in  the  calcula- 
tion of  pressures  of  mineral  formation  from  the  gas-liquid  inclusions. 


200  400  600 


T°C 

Figure  4.1.  Phase  diagram  for  the  H20-C02  system.16! 


The  non-conventional  phase  diagrams  plotted  for  equilibrium  con- 
ditions are  popular,  especially  among  Russian  workers.  These  diagrams 
are  popularly  known  as  composition  diagrams  or  NC  diagrams,  where  N 
is  the  nutrient  composition  and  C is  the  concentration  of  the  solvent 
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mineralizer.  Hundreds  of  phase  diagrams  of  compositions  are  available, 
especially  in  the  Russian  literature.  An  example  of  such  a diagram  is  given 
in  Fig.  4.2  corresponding  to  the  system  Na20-Zr00-Si0T[7J  Similarly,  the 
distribution  of  the  silicon-oxygen  radical  in  the  rare  earth  silicates  is  shown 
in  the  NC  diagram  in  Fig.  4.3  corresponding  to  the  system  Na20-RE903- 
Si09-H90  under  hydrothermal  conditions.®  The  solid  lines  indicate  the 
regions  of  monophase  crystallization  and  dashed  lines  indicate  the  begin- 
ning of  crystallization  of  the  excess  component.  These  non-conventional 
diagrams  are  relatively  easy  to  obtain  and  are  highly  useful  for  the  growth 
of  single  crystals  as  they  clearly  depict  the  growth  conditions.  Similarly, 
just  as  in  the  case  of  conventional  phase  diagrams — even  in  the  phase 
diagrams  of  crystallization,  the  components  can  be  represented  for  ex- 
ample, in  a ternary  system  as  a triangle.  Figure  4.4  shows  the  phase 
diagram  of  crystallization  in  the  system  Li02-Ta205-H90  at  750°C  and 
1700  atm.® 


Figure  4.2.  NC  diagram  for  the  system  Na20-Zr02-Si02.[7l 
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Figure  4.3.  NC  diagram  for  the  system  Na20-RE203-Si02-H20  under  hydrother- 
mal conditions. 


II;  n 


idos’iisi  iii 
T.iOTT  1.1,111^  liTi.O,  TujOfl 


Figure  4.4.  The  phase  diagram  of  crystallization  in  the  system  LiO-,-TaiOs-H,0  at 
750°C  and  1700  atm. 
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4.3  SOLUTIONS,  SOLUBILITY  AND  KINETICS  OF 
CRYSTALLIZATION 

This  is  one  of  the  most  important  aspects  of  the  hydrothermal 
growth  of  crystals.  Initial  failures  in  the  hydrothermal  growth  of  a specific 
compound  are  usually  the  result  of  lack  of  proper  data  on  the  type  of 
solvents,  the  solubility,  and  solvent-solute  interaction.  Despite  the  large 
amount  of  literature  data  already  available,  it  is  still  a highly  attractive  field 
in  hydrothermal  research,  geoscience,  and  so  on.  For  example,  geologists 
are  now  in  a position  to  tell  us  much  about  the  conditions  of  formation  of 
hydrothermal  ore  deposits  (e.g.,  temperature,  pressure,  oxidation  potential, 
pH,  fluid  salinity,  etc.),  but  in  order  to  fully  understand  the  mechanisms  of 
transport  and  deposition  of  ore  minerals,  information  about  metal  com- 
plex formation,  stability,  and  stoichiometry  in  high-temperature-high-pres- 
sure  aqueous  electrolyte  solutions,  thermodynamic  properties  of  electro- 
lytes at  high  pressures  and  temperatures,  phase  behavior,  transport 
phenomena,  and  electrical  and  optical  properties,  is  necessary.  110H121 
Unfortunately,  most  of  the  studies  have  been  performed  only  at  the 
saturated  vapor  pressure  of  the  system  and  very  few  combined  high- 
temperature-high-pressure  experiments  have  been  designed  to  yield  ther- 
modynamic data. 

Recent  advances  in  computer  technology,  which  have  seen  both 
speed  and  storage  capacities  dramatically  increased,  offer  the  possibility 
that  chemical  speciation  modeling  of  multicomponent  electrolyte  solutions 
can  be  made  much  more  reliable  than  it  has  been.  Automation  of  the  whole 
calculation  process  involving  the  assessment  and  selection  of  data,  the 
determination  of  basis  sets,  the  formation  of  equations  and  the  methods  by 
which  results  are  evaluated  is  now  within  reach.  This  should  be  seen  as 
the  provision  of  technical  assistance  rather  than  as  a substitute  for 
human  expertise.  Nevertheless,  by  reducing  errors  and  by  ensuring  that 
assumptions  are  recorded  systematically,  many  of  the  problems  that 
have  been  so  apparent  in  the  literature  may  be  better  controlled  in  the 

future.h3][i4] 

Sterner  et  al.  (1997)  have  developed  a new  computer  algorithm, 
INSIGHT,  which  facilitates  the  nonlinear  thermodynamic  analysis  of  large 
heterogeneous  data  sets  for  the  purpose  of  developing  accurate  equa- 
tions of  the  state  of  aqueous  solutions  and  their  interactions  with  other 
substances. I15i  The  code  is  capable  of  incorporating  a diverse  array  of 
primary  thermophysical  data  including  osmotic,  vapor  pressure,  freezing 
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point  depression,  solubility  [fixed  pH]  [fixed  pC00],  electromotive  force 
data,  speciation  information  obtained  from  spectroscopic  measurements 
and  molecular  dynamic  simulations,  enthalpies  of  mixing,  dilution  and 
solution  heat  capacity,  volumetric,  and  compressibility  data,  together  in  a 
global,  polytheimal  polybaric,  thermodynamic  analysis  while  simultaneously 
solving  chemical  equilibria  within  the  aqueous  phase  via  Gibbs  energy 
minimization. 

A hydrothermal  solution  is  generally  considered  as  a thermody- 
namically ideal  one,  yet  in  the  case  of  strong  and  specific  interaction 
between  the  solute  and  the  solvent  or  among  the  components  of  the  soluble 
substance  in  them,  significant  deviations  from  Raoult’s  law  occur.  Conse- 
quently, real  hydrothermal  solutions  differ  from  ideal  solutions  and  their 
understanding  requires  knowledge  of  the  influence  of  the  solvent  in  the 
process  of  dissolution  and  crystallization  of  various  compounds.  Obviously, 
as  shown  in  most  of  the  experiments,  the  type  of  solvent  and  its  concentra- 
tion determine  a specific  hydrothermal  process  and  its  important  charac- 
teristics such  as  the  solubility  of  the  stalling  materials,  quantity  of  the 
phases,  their  composition,  output  of  the  phases,  kinetics  and  growth  mecha- 
nism of  single  crystals.  The  value  of  the  changes  in  the  Gibbs  free  energy 
in  reaching  an  equilibrium  condition  varies  with  the  transition  from  one 
solvent  to  another  and  it  can  be  shown  as: 

Eq.  (16)  AG  = \H  - TAS  = RTlnK,  or  K = exp(-AHZT)  exp(A S/R) 
where  K = equilibrium  constant. 

The  above  expression  shows  the  influence  of  enthalpy  and  entropy 
on  the  equilibrium  constant,  so  that  the  enthalpy  and  entropy  of  the 
solubility  (at  constant  P and  T)  are  different  for  different  solvents. 
Also,  the  solubility  of  one  and  the  same  solid  substance  changes  with  the 
solvent. 

At  the  moment,  there  is  no  theory  which  can  explain  and  estimate 
the  solubility  in  real  solutions.  However,  many  of  the  problems  connected 
with  solubility  can  be  explained  on  the  basis  of  overall  physico-chemical 
principles  or  laws. 

In  some  cases,  it  is  better  to  use  the  empirical  rule  which  agrees 
with  the  fact  that  solubility  becomes  high  in  solvents  with  higher  dielectric 
constant  (e)  and  types  of  chemical  bond  which  are  closer  to  those  of  the 
solute  substance.  Deviation  from  this  group  has  a place  in  the  case  where 
specific  interaction  between  solid  substance  and  the  solvent  occurs. 
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The  synthesis  and  recrystallization  of  a specific  compound  and  the 
growth  of  single  crystals  on  the  seed  are  all  earned  out  using  different 
solvents  on  the  basis  of  physico-chemical  considerations.  The  following 
conditions  are  adopted  in  selecting  the  most  suitable  mineralizers: 

i.  Congruence  of  the  dissolution  of  the  test  compounds. 

ii.  A fairly  sharp  change  in  the  solubility  of  the 
compounds  with  changing  temperature  or  pressure. 

Hi.  A specific  quantitative  value  of  the  absolute  solubility 
of  the  compound  being  crystallized. 

iv.  The  formation  of  readily-soluble  mobile  complexes 
in  the  solution. 

v.  A specific  redox  potential  of  the  medium  ensuring 
the  existence  of  ions  of  the  required  valence. 

Additionally  the  solvent  should  have  the  desired  viscosity,  insignifi- 
cant toxicity,  and  very  weak  corrosion  activity  with  respect  to  the  appara- 
tus. 

These  factors  fulfill  the  requirement  of  the  hydrothermal  mineral- 
izer in  addition  to  determining  the  values  of  solubility  of  the  compound 
under  investigation. 

The  interaction  between  the  solute  and  solvent  is  called  solvation. 
Solvent  molecules  become  linked  to  the  dissolved  molecules  or  ions,  and 
the  resulting  species  containing  solvent  molecules  ar e solvates.  Depending 
upon  the  reactants,  the  linkage  between  the  solvent  and  the  solute  may 
exhibit  different  specific  (coordination,  hydrogen  bond  formation,  etc.)  and 
non-specific  (electrostatic)  factors,  or  solvation  processes  of  different 
strength  and,  hence,  solvates  include  very  varied  formations.  Therefore,  it 
is  not  possible  to  find  a single  physical  parameter  characterizing  the  solvent 
which,  in  itself,  could  rationalize  the  solvation  process.  Simple  ions  may 
differ  considerably  in  their  electronic  structures,  charges  and  radii,  and 
even  larger  differences  are  exhibited  by  solvent  molecules  representing 
different  types  of  chemicals.  Hence,  solvated  ions  may  also  be  very 
different  as  regards  the  number  of  solvent  molecules  bound  to  the  ion 
(the  solvation  number ),  the  forces  giving  rise  to  the  binding,  and  the 
resulting  physical  and  chemical  properties  like  spatial  requirements 
(there  are  various  ways  of  determining  the  solvation  number-viscosity 
measurements,  pH,  conductivity  measurement,  density  measurements, 
etc.).  The  specific  solvation  process  is  the  result  of  various  types  of 
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complex  formation  between  the  solvent-solute  components.  In  the  case  of 
homogeneous  aqueous  solutions  of  specific  solvation,  an  activated  complex 
theory  can  be  considered,1 [161  according  to  which  the  rate  constant,  q,  of  the 
reaction  type  A + B = X*  — > reaction  products  (X*  is  the  activated 
complex)  is  determined  by 

Eq.  (17)  £ = (kTK*/h)  (vAvB/v*) 

The  concentration  of  the  activated  complex  X may  be  determined  by  the 
following  equation: 

Eq.  (18)  [X*]  = K*  (CA)  (CB)  vAvB/v* 

where  h is  the  Planck  constant,  K*  is  the  equilibrium  constant  of  the 
activated  complex,  CA,CB  are  the  concentrations  of  the  components  A and 
B , and  vA,vB,  v*  are  the  activity  coefficients  of  the  nutrients  and  active 
complex,  respectively. 

In  non-specific  solvation  when  the  medium  is  not  homogeneous, 
i.e.,  the  solvent-solute  interaction  is  not  homogeneous  and  continuous,  such 
an  interaction  plays  a significant  role  only  for  ionic  compounds. [17J  The 
classical  electrostatic  model  links  the  rate  of  reaction  constant  E,  (in  a given 
known  dielectric  value  £),  with  the  rate  constant  (in  the  medium  with  e = 
°o),Eq.(18): 
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where  r is  the  radius  of  the  particle, /v  is  the  dipole  moment  of  the  particles, 
Z is  the  charge  number,  k is  the  Boltzmann  constant,  T the  temperature, 
and  e the  electron  charge. 

This  equation  shows  that  the  log  of  the  rate  constant  depends 
linearly  upon  the  reverse  (negative)  values  of  the  dielectric  constants. 

Let  us  consider  briefly  the  role  of  water  as  a solvent  in  the 
hydrothermal  growth  of  crystals.  Water  is  the  major  component  of  hydro- 
thermal  solutions,  always  with  a varied  chemical  composition  in  the 
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laboratory  and  in  nature.  All  the  solutions  used  in  hydrothermal  experi- 
ments vary  from  one  another  in  their  properties,  ability  to  dissolve  and 
crystallize,  and  in  the  nature  of  the  linking  between  water  and  electrolyte. 
Moreover,  the  properties  of  each  solution  depend  upon  physico-chemical 
aspects  and  the  structure  of  the  pure  water.  The  formation  of  associates 
and  complexes  in  the  aqueous  solutions  of  electrolytes  is  possible  because 
of  the  presence  of  structural  water,  i.e.,  consisting  of  water  molecules  with 
directional  hydrogen  bonding.  The  experimental  P-V-T  behavior  of  water 
has  been  reviewed  and  summarized  by  several  workers J19M22]  Several 
chemical  changes  arise  from  changes  in  ionic  dissociation  of  the  solution. 
Therefore,  it  is  better  to  understand  the  characteristics  of  the  pure  water 
under  hydrothermal  conditions.  The  hydrogen  ions  show  an  influence  on 
the  solubility  of  various  compounds  under  hydrothermal  conditions. 


4.4  THERMODYNAMIC  PRINCIPLES  OF  SOLUBILITY 

Thermodynamic  principles  enable  one  to  determine  how  to  design 
a reaction  to  yield  phase-pure  phases.  Without  knowledge  of  how  to  do 
this,  it  is  impossible  to  distinguish  a process  that  is  being  controlled  by 
thermodynamics  versus  kinetics.  A large  number  of  publications  have 
appeared  on  this  aspect  based  on  both  the  theoretical  and  experimental 
data.  Several  models  have  been  proposed  in  order  to  understand  the 
hydrothermal  synthesis  of  a variety  of  compounds  like  AB04(A  = alkaline 
earth  elements,  B = Ti,  Zr,  Hf),  HAp,  sulphides  of  gold,  silver,  iron,  copper, 
and  so  on.|23|22X|  Thermodynamic  studies  yield  rich  information  on  the 
behavior  of  solutions  with  varying  pressure-temperature  conditions.  Some 
of  the  commonly  studied  aspects  are  solubility,  stability,  yield,  dissolution- 
precipitation  reactions,  and  so  on,  under  hydrothermal  conditions.  The 
thermodynamic  principles  of  solubility  are  discussed  here  in  brief.  It  is  well 
known  that 

Eq.  (20)  \G0sol  = AH0sol-TAS0sol 

where  A G°so/,  AH°sol  and  A S°ml  are  the  changes  in  the  corresponding  free 
energy,  enthalpy,  and  entropy  of  dissolution. 

If  A G°wl  < 0,  then  dissolution  takes  place.  When  A G°sol  = 0,  the 
system  exists  in  the  equilibrium  state;  when  A G°sol  > 0,  crystallization  is 
thermodynamically  possible. 
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With  a change  in  the  enthalpy,  it  is  observed  that  either: 

i.  In  the  entire  temperature  interval  A H°sol  < 0. 

ii.  In  the  low  temperature  region  A H°soi  > 0,  whereas 
in  the  high  temperature  region  A H°sol  < 0. 

in.  In  the  entire  temperature  region  A H0soi  > 0. 

If  entropy  is  considered  in  Eq.  (20)  then  with  an  increase  in  the 
temperature,  just  like  A H°sol,  the  AS°ml  may  also  change.  Here  also  we  can 
expect  three  possibilities: 

i.  In  the  entire  temperature  region,  TAS°sol  < 0. 

ii.  In  the  low  temperature  region,  TAS°so/  > 0,  whereas 
in  the  high  temperature  region,  TAS°sol  < 0. 

iii.  In  the  entire  temperature  interval  TAS°sol  > 0. 

In  the  first  case,  the  entropy  helps  in  the  dissolution  process.  In  the 
second  case,  it  can  be  both  helping  and  reducing,  and  in  the  third  case,  it 
reduces  the  dissolution  process. 

In  the  majority  of  cases,  the  solubility  of  the  solid  substances  in  a 
liquid  phase  is  limited.  Solubility  is  an  important  physico-chemical  and 
technological  parameter  whose  estimation  determines  any  dissolution  pro- 
cess. It  acts  as  a factor  which  strongly  influences  the  kinetics  or  rate  of 
dissolution.  Solubility  depends  upon  the  nature  of  the  substance,  its  aggre- 
gate state,  temperature,  pressure  and  a series  of  other  factors.  Quantita- 
tive dependence  of  the  solubility  of  the  solid  substance  on  the  temperature 
at  a given  constant  pressure  is  given  by 


Eq.  (21)  (8 In  S/ST)P  = ( Q2/RT 2)  (5 In  a2An  SP  T ) 


where:  S 


a7 

q2 


solubility  of  the  solid  substance 
activity  of  the  solid  substance 

heat  of  dissolution  of  one  mol  of  the  substance  in 
the  saturated  solution 


R — gas  constant 

The  solubility  of  the  solid  substance  may  be  expressed  as  a set  of  two 
processes:  (a)  melting  of  the  solid  substance,  (b)  mixing  of  two  liquids. 

In  the  case  of  ideal  solubility  of  the  solid  substance,  the  heat  of  the 
second  process  is  equal  to  zero  and  Q2  is  equal  to  the  heat  of  melting  of  the 
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solid  substance:  Q 2 - % melting  and  does  not  depend  upon  the  selection  of 
the  solvent,  where  if  5ln  a-,/8  In  5 = 1,  then  Eq.  (21)  can  be  written  as 

Eq.  (22)  (5  In  S/5T)P  = % melting  IRT  2 

such  that  the  right-hand  side  is  > 0,  i.e.,  with  an  increase  in  the  growth 
temperature,  ideal  solubility  of  the  solid  substance  in  an  ideal  solution 
increases.  The  dependence  of  the  solubility  of  any  substance  in  the  solution 
and  the  pressure  is  expressed  as 

Eq.  (23)  (5  in  S/5T)t  = (E°solid  - ffiquid  /RT)  ( <5  in  a2/S in  S)P  T 

where  Vliquid  = partial  molar  volume  of  the  soluble  substance  in  the  solution, 
E°soiid  = molar  volume  of  that  substance  in  the  solid  phase.  In  the  case  of  an 
ideal  solution,  in  a2  - in  5,  5 in  a2 18  in  5 = 1 , and  Eq.  (23)  becomes 

Eq.  (24)  (5  in  5 /8P)/T  = (V%oYld  - VViqmd)/RT 

Thus,  in  the  case  of  ideal  solutions  of  the  solid  substance  in  the 
investigated  media,  the  solubility  decreases  with  an  increase  in  the  pres- 
sure, if  the  molar  volume  of  the  soluble  substance  increases  during  its 
melting.  Similarly,  if  V°solid—  Vliquul.  then  the  solubility  should  increase  with 
an  increase  in  the  pressure  (in  the  case  when  the  partial  volume  of  the 
liquid  is  equal  to  the  volume  of  the  melting  salt). 

In  recent  times,  many  aspects  of  hydrothermal  chemistry  have 
been  experimentally  studied,  particularly  in  the  past  decade.  The  credit 
goes  to  workers  like  Franck,  Seward,  Hegleson,  and  others.  110H12][29] 
However,  most  of  these  studies  do  not  give  an  insight  into  the  complete 
physical  chemistry  of  the  hydrothermal  media  as  they  represent  mainly  the 
lower  PT  conditions.  Helgeson  has  reviewed  exhaustively  the  thermody- 
namic properties  of  electrolytes  at  high  pressures  and  temperatures. 

An  understanding  of  theory  and  the  experimental  results  on  the 
hydrothermal  physical  chemistry  is  very  essential  to  the  crystal  grower. 
Here,  in  the  experimental  work,  some  of  the  basic  properties  of  the 
hydrothermal  medium  like  viscosity,  dielectric  constant,  compressibility 
and  coefficient  of  expansion,  etc.,  are  discussed  briefly  in  the  crystal 
growth  context.  Since  diffusion  is  inversely  proportional  to  solvent  viscos- 
ity, we  would  expect  very  rapid  diffusion  in  hydrothermal  growth. 
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This  leads  to  the  growth  of  perfect  single  crystals  with  well 
developed  morphology.  We  can  expect  higher  growth  rates,  a narrower 
diffusion  zone  close  to  the  growing  interface  and  less  likelihood  of  constitu- 
tional supercooling  and  dendritic  growth.  It  is,  thus,  no  wonder  that  quartz 
growth  rates  as  high  as  2.5  mm/day  without  faults  or  dendritic  growth  have 
been  observed.!30!  Figure  4.5  shows  the  viscosity  of  water  as  a function  of 
density  and  temperature.  It  has  been  demonstrated  for  many  cases  that  the 
mineralizer  solutions  (typically  1 M NaOH,  Na,C03,  NH4F,  K2HP04,  etc.) 
are  close  to  the  properties  of  water.  For  1 M NaOH  at  room  temperature, 
^/solution ^ = I -25, 131 1 one  can  expect  that  the  viscosity  of  hydrothermal 
solutions  can  be  as  much  as  two  orders  of  magnitude  lower  than  “ordinary” 
solutions.  The  mobility  of  molecules  and  ions  in  the  supercritical  range  is 
much  higher  than  under  normal  conditions.  Also,  electrolytes,  which  are 
completely  dissociated  under  normal  conditions,  tend  to  associate  with 
rising  temperature. [32] 


Figure  4.5.  Viscosity  of  water  as  a function  of  density  and  temperature.!29! 
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The  dielectric  constant  is  one  of  the  important  properties  of  a 
solution.  A knowledge  of  the  temperature  dependence  of  the  relative 
dielectric  constant  is  of  great  importance  for  understanding  the  hydration/ 
dehydration  phenomena  and  reactivities  of  a variety  of  solutes  in  supercriti- 
cal water.  More  than  forty  years  ago,  Hasted  et  al.  (1948)  observed  that 
the  dielectric  constant  of  electrolyte  solutions  (£)  can  be  regarded  as  a 
linear  function  of  molarity  up  to  1-2  M,  depending  on  the  electrolyte.1331 
Franck1291  has  discussed  ionization  under  hydrothermal  conditions  and 
made  most  careful  and  complete  conductivity  studies,  and  shown  that  the 
conductance  of  hydrothermal  solutions  remains  high  in  spite  of  a decrease 
in  £,  because  that  effect  is  more  than  compensated  for  by  an  increase  in 
the  ion  mobility  brought  about  by  decreased  viscosity  under  hydrothermal 
conditions.  Figure  4.6  shows  the  dielectric  constant  of  water. f34'  Thermo- 
dynamic and  transport  properties  of  supercritical  water  are  remarkably 
different  from  those  of  ambient  water.  Supercritical  water  is  unique  as  a 
medium  for  chemical  processes.  The  solubility  of  nonpolar  species  in- 
creases, whereas  that  of  ionic  and  polar  compounds  decreases  as  a result 
of  the  drop  of  the  solvent  polarity,  and  the  molecular  mobility  increases  due 
to  a decrease  in  the  solvent  viscosity  (77).  Drastic  changes  of  ionic 
hydration  are  brought  about  by  the  decrease  in  the  dielectric  constant  (£) 
and  density  (p).  Largely  as  a consequence  of  the  dramatic  decrease  in  the 
dielectric  constant  of  water  with  increasing  temperature  at  constant  pres- 
sure and/or  decreasing  pressure  at  constant  temperature,  “completely” 
dissociated  electrolytes  at  low  temperatures  and  pressures  may  become 
highly  associated  in  the  supercritical  region.  Computer-simulation  studies 
have  been  carried  out  on  this  topic,  which  are  helpful  for  the  interpretation 
from  the  molecular  point  of  view.  Virial  expansion  of  Debye-Huckel 
theory  affords  a basis  for  extrapolating  thermodynamic  observations  of 
“completely”  dissociated  electrolytes  to  high  pressures  and  temperatures, 
where  they  may  be  highly  associated.  However,  the  Debye-Huckel  equa- 
tion fails  to  represent  adequately  the  observed  activity  coefficients  for 
dilute  solutions  of  2:2  electrolytes.  Landolt-Bornstein  (1980)  have  esti- 
mated the  compressibility  of  water  from  the  PVT  curves  J35l  The  hotter  and 
less  dense  the  fluid  is,  the  huger  is  its  compressibility.  It  is  an  important 
factor  used  in  the  calculation  of  density  change  with  pressure.  The 
coefficient  of  thermal  expansion  is  also  an  important  parameter  that  helps 
in  the  growth  of  flawless  and  strain  free  crystals.  It  can  be  calculated  from 
PVT  data.  Water  has  a much  increased  coefficient  of  expansion  under 
hydrothermal  conditions.  PVT  measurements  for  water  and  other  solvents 
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are  rather  rare.  Water  above  critical  temperature  (tc  = 374.2°C)  and 
critical  pressure  (pc  = 22.1  MPa)  is  called  supercritical  water.  At  the 
critical  point,  the  phases  of  liquid  and  gas  are  not  distinguishable.  There  are 
extensive  studies  on  the  structure  of  water  under  ambient  conditions,  but 
the  structure  of  water  at  high  temperatures  and  high  pressures  are  not  well 
investigated,  mainly  due  to  experimental  difficulties.  In  recent  years,  there 
has  been  increased  interest  in  the  study  of  the  structure,  dynamics,  and 
reactivity  of  supercritical  and  subcritical  water  from  the  chemical,  physical, 
geological  and  engineering  points  of  view.  There  are  several  reasons  for 
this  trend.  Water  at  high  temperatures  and  high  pressures  is  believed  to 
have  played  a major  role  in  creating  organisms  on  the  earth,  the  compounds 
necessary  for  them,  and  fossil  fuels  produced  after  their  death. 


T/"C 

Figure  4.6.  Dielectric  constant  of  water.!34! 


Seward  (1997),  Nakahara  et  al.  (1996),  Yamaguchi  et  al.  (1996), 
Nakahara  et  al.  (1997),  and  Ohtaki  et  al.  (1997)  have  earned  out  extensive 
experimental  work  on  the  aqueous  systems  at  high  temperatures  and 
pressures  using  conductivity,  potentiometric,  spectrophotometric,  solubility, 
PVT,  and  calorimetric  methods.  However,  insight  into  the  configurational 
aspects  of  ion  solvent  interactions  under  hydrothermal  conditions  has  come 
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mainly  from  neutron  diffraction  studies  and  more  recently  from  synchrotron  x- 
ray  absorption  (EXAFS)  spectroscopic  measurements.13661401  These  latter 
studies  have  confirmed  that  cation-oxygen  ( nearest-neighor  water)  dis- 
tances decrease  with  increasing  temperature  and  are  accompanied  by  an 
associated  decrease  in  the  number  of  first  shell  solvated  water  molecules 
as  has  been  shown  for  Ag+,  Sr\  and  other  cations  (Seward,  1 997). 1361 

Water  is  an  environmentally  safe  material  and  cheaper  than  other 
solvents,  and  it  can  act  as  a catalyst  for  transformation  of  desired  materials 
by  tuning  temperature  and  pressure.  The  larger  the  reaction  barrier  height, 
the  larger  the  temperature  effect  on  the  reaction.  For  example,  reactions 
whose  Arrhenius  activation  energies  are  42,  83,  and  125  kJ  mol1  in  water 
at  25°C,  are  accelerated  by  factors  of  8.2  x 103,  6.6  x 107,  and  5.4  x 1011, 
respectively,  at  400°C.141 1 Thus,  a new  reaction  pathway,  which  is  not 
available  in  ambient  water  due  to  a high  barrier,  low  solubility,  or  low 
molecular  diffusion  rate,  can  be  made  accessible  thermally  in  supercritical 
water.  Studies  of  the  structure  dynamics  and  reactivity  of  supercritical 
water  lead  to  a better  understanding  of  how  complicated  compounds  are 
adaptively  evolved  from  simple  ones  in  hydrothermal  reactions.  It  is 
important  to  elucidate  how  the  structure  and  dynamics  of  supercritical 
water  arc  controlled  by  intermolecular  interactions  (density)  as  well  as  kinetic 
energies  ( T ).  This  is  a new  frontier  of  solution  chemistry.  The  FIT  data  for 
water  up  to  1000°C  and  10  kbar  is  known  accurately  enough  (within  1% 
error)  J42H44 1 At  very  high  PT  conditions  (1000°C  and  100  kbar),  water  is 
completely  dissociated  into  H30+  and  OH-,  behaving  like  a molten  salt,  and 
has  a higher  density  of  the  order  of  1.7-1. 9 g/cm3.  Figure  4.7  shows  the 
temperature-density  diagram  of  water,  with  pressure  as  a parameter.1441 

When  aqueous  solutions  are  heated  up  to  the  solvent  critical  point, 
the  partial  molal  volume  of  “hydrophilic”  species  become  largely  negative 
and  that  of  “hydrophobic”  ones  largely  positive  due  to  a divergent  behavior 
of  the  solvent  compressibility.  It  is  well  known  that,  as  distances  of  the 
intermolecular  charge  separation  decreased  along  the  reaction  coordinate, 
these  “hydrophilic”  species  were  dehydrated  in  supercritical  water  due  to 
the  low  dielectric  constant  of  the  solvent.  The  desolvation  effect  was 
pronounced  in  the  solvent  with  a low  dielectric  constant  over  a long  range. 
One  can  regard  this  dehydration  effect  on  the  ionic  and  dipolar  species  as 
the  catalytic  effect  of  supercritical  water  because  of  its  ability  of  lowering 
the  height  of  the  reaction  barrier.  Similarly,  the  conductance  data  for  dilute 
alkali  metal  halide  solutions  at  elevated  temperatures  and  pressures  have 
been  usually  interpreted  in  terms  of  the  formation  of  simple,  neutral  ion 
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pairs.  It  has  nevertheless  been  recognized  that  higher  order  polynuclear 
species  (e.g.,  triplets,  quadruplets,  etc.)  may  form  in  electrolyte  solutions 
having  a low  dielectric  constant  at  ambient  temperatures.  By  analogy,  one 
might  therefore  expect  the  formation  of  such  polynuclear  ions  or  clusters  in 
near  critical  region  and  at  supercritical  temperatures  and  pressures  in 
aqueous  electrolyte  solutions.  Recently,  Driesner  and  Seward  (1997)  have 
carried  out  the  molecular  dynamics  simulations  of  ion  pairing  and  cluster 
formation  in  a 1 M NaCl  solution  at  380°C  and  near  critical  pressures 
indicating  the  presence  of  simple  monatomic  ions  and  ion  pairs  together 
with  triple  ions  such  as  Na1Cl+  and  NaCl2'  as  well  as  the  Na2CL,  and  more 
complicated  polynuclear  species. [45]  Combined  molecular  dynamics  simu- 
lations and  EXAFS  measurements  on  1 M SrCl2  solutions  up  to  300°C  also 
indicate  the  presence  of  Sr2+,  Cl-,  SrCl+,  SrCL,  as  well  as  cluster  species 
such  as  Sr9Cl22+  and  Sr2Cl+2  [45]  Insight  into  ion  pair  and  cluster  formation 
is  of  importance  to  the  understanding  of  many  phenomena  operating  in 
hydrothermal  systems  in  the  earth’s  crust,  including  mineral  equilibria, 
stable  isotope  fractionation  and  element  transport. 


F igure  4.7.  Temperature-density  diagram  of  water,  with  pressure  as  a parameter!441 

Benning  and  Seward  (1996)  have  studied  the  stepwise  metal 
complex  formation  of  the  AuHS0  and  Au(HS)2  complexes  and  their 
thermodynamic  data  in  sulphide  aqueous  solutions  up  to  400°C  and  1500 
bar.1461  However,  a major  source  of  uncertainty  in  the  study  of  metal 
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hydrosulphide  complexes  at  high  temperatures  and  pressures  has  been  the 
lack  of  reliable  data  for  Kv  the  first  ionization  constant  for  H2S.  There  is  a 
major  lack  of  experimental  data  pertaining  to  metal  complex  equilibria  in 
supercritical  aqueous  systems  as  well  as  in  binary  solvent  systems  such  as 
H^O-COt  Walther  and  Schott  (1988)  applied  the  dielectric  constant 
approach  to  study  the  speciation  and  ion  pairing  at  high  temperature  and 
pressured47!  These  authors  have  proposed  many  theoretical  and  empirical 
relations  to  account  for  various  aspects  of  solubility  behavior  and  specia- 
tion. The  calculation  of  the  dielectric -constant  dependence  of  ion  pairing  at 
high  temperatures  and  pressures  allows  the  prediction  of  speciation  in 
complex  fluids  at  high  temperature  and  pressure  for  reduced  activities  of 
H^O.  Using  this  approach,  the  behavior  of  aqueous  silica  in  complex 
solutions  at  high  temperatures  and  pressures  has  been  studied.  Such  data 
are  of  enormous  importance  to  understanding  the  geochemistry  of  element 
transport  by  hydrothermal  fluids  migrating  in  the  earth's  crust.1361 

In  the  hydrothermal  growth  of  crystals,  the  PVT  diagram  of  water 
proposed  by  Kennedy  (1950)  is  very  important  (Fig.  2. 6). 1481  Usually,  in 
most  routine  hydrothermal  experiments,  the  pressure  prevailing  under  the 
working  conditions  is  determined  by  the  degree  of  filling  and  the  tempera- 
ture. When  concentrated  solutions  are  used,  the  critical  temperature  can 
be  several  hundred  degrees  above  that  of  pure  water J49!  The  critical 
temperatures  are  not  known  for  the  usually  complex  solutions  at  hand; 
hence  one  cannot  distinguish  between  sub-  and  supercritical  systems  for 
reactions  below  800°C.  Although  the  temperature  in  the  growth  zone  and 
the  actual  vapor  pressure  are  not  known  to  100%  accuracy,  the  PVT 
diagram  of  Kennedy  is  used  by  most  hydrothermal  crystal  growers  rou- 
tinely. The  PVT  relations  in  A1P04  and  Si00  systems  have  been  re- 
viewed.13(114521  Also,  the  P-T behavior  of  the  quartz-water  system  has  been 
well  discussed  by  B rebrick,  t53! 


4.5  KINETICS  OF  CRYSTALLIZATION  UNDER 
HYDROTHERMAL  CONDITIONS 

Hydrothermal  crystallization  is  only  one  of  the  areas  where  our 
fundamental  understanding  of  hydrothermal  kinetics  is  lacking.  Because,  in 
majority  of  the  cases,  we  have  little  knowledge  about  the  intermediate 
phases  forming  in  solution.  Thus,  our  fundamental  understanding  of  hydro- 
thermal  crystallization  kinetics  is  at  an  early  stage.  In  the  absence  of 
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predictive  models,  we  must  empirically  define  the  fundamental  role  of 
temperature,  pressure,  precursor,  and  time  on  crystallization  kinetics  of 
various  compounds.  Insight  into  this  would  enable  us  to  understand  how  to 
control  the  formation  of  solution  species,  solid  phases  and  the  rate  of  their 
formation. 

The  importance  of  kinetics  of  crystallization  studies  was  realized 
with  the  commercialization  of  the  synthesis  of  zeolites  during  1950s  and 
1960s.  Following  this,  a large  number  of  publications  appeared  from  the 
Soviet  laboratories  on  kinetics  studies  related  to  the  growth  of  single 
crystals  under  hydrothermal  conditions.  During  this  period,  the  anisotropy 
of  the  rate  of  growth  of  the  faces  of  the  crystals  during  growth  on  a seed 
acquires  particular  importance,  since  it  makes  it  possible  to  orient  the  seed 
crystal  platelets  in  such  a way  that  the  growth  surface  coincides  with  the 
rapidly  growing  face!54H58]  At  the  same  time,  Laudise  and  co-workers 
have  studied  the  crystallization  kinetics  of  quartz  and  zincite !59H6i] 

These  studies  were  based  on  the  experience  in  the  growth  of 
crystals  in  aqueous  solutions  which  shows  clearly  the  relationship  be- 
tween the  anisotropy  of  the  rates  of  process:  temperature,  supersaturation 
and  the  presence  of  “foreign”  components,  including  the  solvent  under 
hydrothermal  conditions.  These  parameters  can  be  varied  over  very  wide 
limits. 

The  influence  of  the  solvent  is  specific  for  each  crystal.  In  the 
case  of  ZnO,  for  example,  the  presence  of  NFI+4  ions  in  the  solution 
produces  a marked  increase  in  the  rate  of  growth  of  the  prismatic  faces, 
which  under  ordinary  conditions  does  not  exceed  hundredths  of  mm/ 
day.  [69  For  calcite  under  conditions  of  increased  oxygen  activity  the  faces 
of  the  scalenohedra,  (2131)  and  (1010)  become  predominant!62^ 

Various  general  laws  characterizing  the  relationship  between  the 
anisotropy  of  the  rates  of  growth  of  the  faces  and  the  chemical  nature  of 
the  solvent  have  been  studied  by  several  workers.  Some  major  conclu- 
sions have  been  drawn  based  on  the  studies  on  the  growth  of  various 
crystals. 

Supersaturation  in  hydrothermal  experiments  is  given  by  the  mag- 
nitude of  the  temperature  gradient  (AT)  between  the  dissolution  and 
growth  zones,  so  that  the  relationship  between  the  rate  of  growth  and  the 
magnitude  of  AT  is  usually  investigated.  If  the  solubility  changes  with 
temperature  according  to  a law  which  is  close  to  linear  with  AT,  the  growth 
rate  is  also  practically  linear.  For  all  crystals,  which  have  been  studied 
under  hydrothermal  conditions,  the  rates  of  growth  of  the  faces  increase 
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linearly  with  supersaturation.  The  high  activation  energies  of  the  growth  of 
the  faces,  combined  with  other  factors — the  anisotropy  of  the  rates  of 
growth  of  the  faces,  the  marked  dependence  of  the  rate  of  crystallization 
on  the  composition  of  the  solution,  etc. — provide  strong  evidence  in  sup- 
port of  the  suggestion  that  in  hydrothermal  crystallization  under  conditions 
of  excess  mass  transfer,  a primary  role  is  played  by  surface  processes 
taking  place  directly  at  the  crystal-solution  interface.  It  should  be  remem- 
bered that  the  activation  energy  of  diffusion  in  solutions  usually  does  not 
exceed  4-5  kcal/mole, I63!  and  the  activation  energies  of  dissolution  rarely 
exceed  10  kcal/mole.  These  values  are  much  lower  than  the  activation 
energies  of  growth,  indicating  that  diffusion  in  the  solution  and  dissolution 
of  the  charge  do  not  limit  the  rate  of  crystallization  with  increase  in  the 
concentration  of  the  solution.  The  rate  of  the  crystallization  can  increase  in 
two  ways.  For  crystals  that  do  not  contain  components  of  the  solvent,  the 
rate  increases  sharply  at  low  concentrations  and  remains  practically  un- 
changed at  high  concentrations.  Similarly,  in  some  cases,  an  increase  in  the 
rate  of  growth  of  the  faces  with  increase  in  pressure  has  been  observed. 
Pressure  apparently  does  not  have  any  significant  direct  effect  on  the  rate 
of  growth  of  crystals,  but  it  may  have  an  influence  through  other  param- 
eters: mass  transfer  and  solubility. 

Kuznetsov  (1966)  reported  the  effects  of  temperature,  seed  orien- 
tation, filling,  and  temperature  gradient,  AT,  on  the  growth  kinetics  of 
corundum  crystals.!55!  phe  activation  energies  for  growth  on  the  (1120)  and 
( 10 1 1)  faces,  together  with  some  preliminary  evidence  on  the  rate-limiting 
step  in  the  hydrothermal  crystallization  of  A1203.  Figures  4.8  and  4.9  show 
the  growth  rates  as  functions  of  fillings:  x:  ( 1011);  o:  ( 1 120),  and  relation  of 
log!?  to  l/T for  the  filling  factors  given  on  the  curves:  x:  (101 1),  o:  (1120). 
The  activation  energies  calculated  from  Fig.  4.9,  are  32  kcal/mole  for 
(101 1)  face  and  17.5  kcal/mole  for  (1120)  faced55! 

Riman  and  co-workers  have  investigated  the  crystallization  kinet- 
ics of  AB03  (A  = alkaline-earth  elements,  B = Ti,  Zr,  FTf)  and  their  solid 
solutions [23!!24! I64! [65]  phe  fundamental  role  of  temperature,  pressure,  pre- 
cursor, and  time  on  crystallization  kinetics  of  perovskite  oxides  has  been 
studied  in  detail.  Early  work  by  Battelle  Laboratories  set  the  stage  for  the 
development  of  hydrothermal  processes  that  provide  excellent  morphologi- 
cal control  for  a variety  of  ceramic  chemistries.1661  The  morphology  control 
and  size  of  lead  zirconate  titanate  and  lead  titanate  precipitated  from 
organic  mineralizer  solutions  have  been  worked  out  in  detail.  Kaneko 
and  Irnoto  (1975)  have  investigated  the  effects  of  pressure,  temperature, 
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time,  and  Ba:Ti  ratio  on  the  kinetics  of  a hydrothermal  reaction  between 
barium  hydroxide  and  titania  gels  to  produce  barium  titanate  powders. |67l 
Ovramenko  et  al.  (1979)  conducted  kinetic  studies  to  compute  an  activa- 
tion energy  ( Ea ) of  21  kJ/molc.|fiS|  In  contrast,  Herd  (1988)  calculated 
activation  energy  of  105.5  kJ/molc.169  However,  this  discrepancy  may  be 
due  to  the  difference  in  source  of  titania  precursor  as  well  as  other 
reaction  conditions  (e.g.,  temperature).  Computations  performed  in  the 
composition  temperature-pressure  space  facilitate  the  construction  of  sta- 
bility diagrams,  speciation  diagrams  and  yield  diagrams  (Fig.  4. 10). i™]  In 
addition,  the  authors  have  carried  out  kinetic  analysis  based  on  reaction 
progress,  yielded  into  the  reaction-rate  regime  for  various  perovskite  type 
oxides. 

R 


Figure  4.8.  Growth  rates  as  a function  of  filling:  x)  (101 1);  o)  (1 1 20). 155 1 
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Figure  4.9.  Relation  of  log/?  to  llT  for  the  filling  factors:  x)  (1011);  o)  (1120).[55] 
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Figure  4.10.  Stability  diagrams,  speciation  diagrams  and  yield  diagrams.1701 


Other  materials  of  commercial  interest  in  the  present  day  context 
whose  kinetics  of  crystallization  have  been  studied  in  detail  are  zeolites  and 
hydroxyapatite.171  i7731  Various  approaches  or  models  have  been  proposed 
to  understand  the  reaction  mechanism  of  these  compounds.  The  models 
based  on  the  dissolution  process,  growth  process,  surface  diffusion,  struc- 
ture directing  chelates,  or  amines  in  the  synthesis  of  zeolites,  etc.,  have 
been  used  as  the  parameters  in  the  study  of  crystallization  kinetics.  These 
studies  have  helped  in  the  preparation  of  phase-pure  zeolites  and  hy- 
droxyapatite particles  with  a perfect  control  over  the  morphology,  grain 
size,  rate  of  crystallization  and  so  on. 

In  the  recent  years,  microwave  hydrothermal  is  being  popularly 
used  to  greatly  enhance  the  reaction  kinetics.  Also,  efforts  have  been 
made  to  have  better  control  over  the  particle  size,  shape,  yield,  and 
purity. [74f[76]  However,  the  reaction  kinetics  of  most  of  the  compounds 
under  microwave  hydrothermal  have  not  been  understood  precisely. 

4.5.1  Experimental  Investigations  of  Solubility 

The  selection  of  a suitable  solvent  and  the  theoretical  aspects  of 
solubility  have  been  discussed  in  the  previous  section.  Here,  let  us  consider 
the  experimental  aspect,  its  determination,  and  role  in  growing  single 
crystals.  There  are  two  principal  methods  for  determining  the  solubility 
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under  hydrothermal  conditions.  The  first  one  is  a sampling  technique  and 
has  been  described  in  detail  by  Morey  and  Hesselgesserd77!  It  is  especially 
useful  where  two  fluid  phases  are  present.  In  this  technique,  a suitably 
designed  valve  is  arranged  so  that  a fluid  sample  small  enough  so  as  not  to 
perturb  equilibrium  can  be  withdrawn  and  chilled  from  an  isothermal 
hydrothermal  autoclave  at  operating  conditions.  If  only  one  fluid  phase  is 
present,  a weight  loss  method  has  been  proved  to  be  somewhat  less 
cumbersome. I78!  It  is  quite  difficult  to  study  the  solubility  of  crystals  under 
hydrothermal  conditions  if  the  compound  does  not  form  any  metastable 
solutions  over  a wide  temperature  range.  If  there  is  a considerable  meta- 
stable range  of  this  kind,  however,  we  may  use  the  least  troublesome 
method  of  studying  solubility  at  high  temperatures  and  pressures — the 
method  of  weight  loss.  If  a weighed  single  crystal  (or  crystals)  is  placed  in 
the  capsule  under  conditions  where  the  phase  is  stable  and  where  the  fluid 
phase  is  liquid  alone  or  gas  alone,  the  weight  loss  will  be  a measure  of 
solubility.  However,  special  care  must  be  exercised  to  avoid  overshooting, 
to  ensure  that  the  desired  temperature  is  reached  during  warm  up,  to  avoid 
losing  material  before  weighing,  or  weighing  material  that  has  precipitated 
during  the  quenching.  In  many  cases,  the  solubility  obeys  the  van’t  Hoff 
equation  and  is  linearly  dependent  on  solution  density.1791  The  ratio  of 
solubility  to  mineralizer  concentration  often  gives  clues  to  the  species 
present.  I8°i  Several  additional  difficulties  were  encountered  with  the  sili- 
cates, alumino-silicates,  phosphates,  etc.  They  were  first  noticed  while 
studying  the  solubility  of  quartz.  These  difficulties  principally  arise  from 
phase  separation  of  the  solution  under  certain  conditions,  and  the  formation 
of  a “heavy”  phase  enriched  with  silicon.!81!  For  example,  it  was  shown  by 
the  authors  of  Ref.  82,  in  connection  with  the  solubility  of  albite  in  H-,0  at 
200-350°C,  that  under  these  conditions  there  was  a partial  decomposition 
of  the  albite  forming  analcime.  Hence,  in  this  case,  the  true  solubility  of 
albite  in  water  was  not  really  being  determined.  Therefore,  to  obtain  the 
true  solubility  of  any  compound  which  forms  the  heavy  phases  or  other 
metastable  phases,  it  has  to  be  determined  under  conditions  similar  to  its 
conditions  of  synthesis,  so  as  to  determine  its  optimum  growth  conditions. 
Russian  workers  at  the  Institute  of  Crystallography  have  designed  an 
apparatus  to  suit  the  solubility  study  of  various  compounds  (Fig.  3.22). 

Let  us  consider  the  solubility  studies  of  some  selected  compounds 
like  zincite  and  malachite.  Solubility  of  a compound  may  be  positive  or 
negative.  If  the  solubility  of  a compound  increases  with  increasing  tem- 
perature, it  is  positive.  If  the  solubility  of  the  compound  decreases  with 
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increasing  temperature,  it  is  negative.  Some  compounds  show  positive 
solubility  up  to  a certain  temperature  and  then  show  negative  solubility  and 
vice  versa.  Quartz  and  berlinite  form  the  best  examples.  The  majority  of 
the  earliest  hydrothermal  experiments,  carried  out  in  the  19th  century,  had 
pure  water  as  the  mineralizer.  Today  we  use  a great  variety  of  mineraliz- 
ers, especially  aqueous  solutions  of  salts,  acids,  bases,  etc.,  at  very  low 
concentrations.  Likewise,  there  are  a great  numbers  of  non-aqueous 
solvents.  Hannay  and  Hogarth  used  an  alcoholic  solution  as  a mineralizer  a 
century  agod83!  Usually  non-aqueous  solvents  are  preferred  when  the 
required  solubility  cannot  be  reached  in  an  aqueous  medium.  However,  the 
composition  of  the  effective  solvents  used  in  growing  crystals  is  fairly 
standard.  Pure  water  can  be  a good  solvent  at  very  high  temperature  and 
pressure  conditions.  The  use  of  various  acids,  salts  and  bases  considerably 
reduce  the  PT  conditions.  The  commonly  used  non-aqueous  solvents  are 
NH3,  HF,  HC1,  HBr,  Br2,  S2C12,  S2Br2,  SeBr2,  H2S  + (C2H5)3,  NH4C1, 
C2H5OH,  CS2,  CC14,  C6H6,  CH3NH2,  etc.  In  the  past  decade,  the  growth 
conditions  have  been  further  reduced  with  the  use  of  some  acid  solvents. 
For  example,  high  molar  acids  like  HC1,  fUS04,  H3P04,  HN03,  HCOOH 
are  freely  used  in  the  growth  of  various  compound  and  this  has  brought 
down  the  growth  temperature  to  below  300°C.  In  recent  years,  mixed 
solvents  have  been  used  in  the  growth  of  some  compounds  like  A1P04. 
The  mixed  solvents  are  found  to  be  highly  effective.  The  reduction  in  the 
growth  temperature  considerably  reduces  the  working  pressure,  which  in 
turn  helps  in  the  use  of  simple  apparatus.  Even  silica  autoclaves  can  be 
used,  which  facilitate  direct  visibility  of  the  growth  medium  just  as  in  any 
other  low  temperature  solution  growth.  This  has  greatly  attracted  the 
attention  of  crystal  growers  in  the  last  two  years  and  a great  variety  of 
compounds  which  hitherto  were  produced  only  at  high  temperature  and 
pressure  have  been  today  obtained  at  lower  PT  conditions.  Hence  the 
mineralizer  plays  an  important  role  in  the  hydrothermal  growth  of  crystals 
and  it  has  changed  the  tendency  and  perspective  of  the  method.  All  these 
aspects  can  be  very  well  described  with  reference  to  quartz,  berlinite, 
sodalite,  and  a-Te02.  The  reader  is  advised  to  refer  the  works  of 
Pearson 1X4 11 851  regarding  the  empirical  selection  of  solvents  based  on  the 
hard  and  soft  acids  and  bases. 

Solubility  of  Zincite.  The  solubility  of  zincite  has  been  studied 
in  great  detail  during  the  1970s  by  several  workers. I6°k61k77]  Measure- 
ments of  the  solubility  of  zincite  has  been  performed  first  in  noncomplexing 
solutions  (HTr,  NaTr)  at  various  ionic  strengths  (0.03-1.0  molal  NaTr)  and 
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temperatures  (50-290°C)  to  determine  the  equilibrium  quotient  of  the 
reaction: 

Eq.  (25)  ZnOcr  + 2H+  ->  Zn2+  + H20 

Figure  4. 1 1 represents  an  example  of  the  solubility  obtained  at 
200°C  and  0.1  rnolal  by  approaching  equilibrium  from  undersaturation 
(triangles),  whereby  the  pH  was  changed  by  titration  of  acid  into  the  cell 
during  the  experiments.  The  solid  line  represents  the  best  fit  of  the  data 
with  a slope  of  -2  dictated  by  reaction  (25).  The  solubility  is  shown  in  this 
figure  to  be  reversed  by  a back  titration  (inverse  triangles)  with  a basic 
titrant  causing  ZnO  to  precipitate. 


Figure  4.11.  Solubility  of  zincite  obtained  at  200°. 1861 


The  dissociation  quotients  of  reaction  (25)  were  regressed  against 
a variety  of  temperature-ionic -strength  functions  using  the  ORGLS  gen- 
eral least  squares  program  of  Busing  and  Levy.1871  At  infinite  dilution,  good 
agreement  is  obtained  with  previous  experimental  and  model  values  (i.e., 
Khodakovsky  and  Yelkin,  1 975;1881  Ziemniak,  1992[89])  except  for  the 
values  obtained  which  deviate  from  our  fit  at  250  and  250°C. 
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In  this  figure,  comparison  is  also  made  between  these  solubilities 
and  those  obtained  in  experiments  performed  by  titration  of  solution 
containing  chloride  (diamond)  and  sulfate  (circle)  into  the  cell.  It  is  clearly 
shown  that  the  effect  of  addition  of  either  chloride  or  sulfate  is  to  increase 
the  concentration  of  zinc.  At  this  temperature,  ionic  strength,  and  stability 
constants  of  the  reactions: 


Eq.  (26) 

Zn2+  + S042-  — > ZnS04° 

Eq.  (27) 

Z2+  + CT  — > ZnCl+ 

Eq.  (28) 

Zn2+  + 2CT  — > ZnCl2° 

were  obtained.  The  dashed  curves  in  Fig.  4.11  are  generated  from  these 
stability  constants  and  are  shown  to  reproduce  the  experimental  points  J86] 
For  reaction  (26)  there  are  no  published  experimental  data  with  which  to 
compare  these  results.  In  order  to  compare  with  literature  data,  the 
constants  for  reactions  (27)  and  (28)  are  extrapolated  to  infinite  dilution  at 
200°C.  Good  agreement  with  Bourcier  et  al.  (1993)  and  Ruaya  and 
Seward  (1986)  is  obtained  for  the  dichloro-zinc  complex  stability  con- 
stant. 1901191  However,  the  result  for  the  monochloro-zinc  complex  disagrees 
markedly. 

Solubility  of  Malachite.  The  growth  of  malachite  single  crystals 
has  posed  a challenge  in  the  past  decade.  Several  original  methods,  which 
allow  nearly  all  textural  varieties  found  in  natural  malachite,  have  been 
devised.  Malachite  solubility  in  pure  water  and  electrolytic  aqueous  solu- 
tions has  not  been  understood  precisely.  Symes  and  Kester  (1984)  studied 
the  peculiarities  of  malachite  dissolution  in  pure  and  sea  water  in  order  to 
reveal  the  conditions  necessary  for  its  precipitation.  1921  Sulyapnikov  and 
Shtern  (1972)  determined  the  maximum  copper  concentration  during  mala- 
chite dissolution  in  solutions  of  NaHC03  and  KHC03  of  different  concen- 
trations at  temperatures  up  to  200°C  and  different  amounts  of  C02.[93] 
Their  data  has  shown  that,  under  normal  conditions,  the  copper  content  in 
these  solutions  changes,  strongly  depending  on  the  time  of  the  solution 
mixing  with  the  powder  of  the  basic  copper  carbonate.  Balitsky  and 
Bublikova  (1991)  have  investigated  malachite  solubility  in  1,2,3  M solutions 
of  ammonium  hydroxide  at  temperatures  20,  25,  50  and75°C  (P  = 1 bar). 
Figure  4.12  shows  kinetic  curves  of  malachite  dissolution  in  ammonia 
aqueous  solutions  at  20°C  (1-10  M NH4OH;  2 M NH4OH;  3-3.0  M 
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NH4OH).  As  can  be  seen  from  Fig.  4.12,  equilibrium  copper  contents  in 
the  ammonia  solutions  increase  as  ammonia  concentration  increases  and 
they  decrease  as  temperature  rises. [941 
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Figure  4.12.  Kinetic  curves  of  malachite  dissolution  in  ammonia  aqueous 
solutions  at  20°C.l94] 

These  examples  give  a more  or  less  complete  picture  with  regard 
to  the  type  of  solvent,  the  PT  conditions,  and  the  progress  made  in  the 
search  for  new  solvents  for  various  inorganic  compounds  under  hydrother- 
mal conditions.  All  these  studies  yield  crystal  growth  kinetics,  the  phase 
pure  product. 

Thus,  the  hydrothermal  physical  chemistry  is  a fast  growing  field 
that  is  going  to  play  a key  role  in  the  21st  century  in  the  preparation  of 
future  materials.  The  physico-chemical  data  will  provide  an  insight  into  the 
actual  hydrothermal  reaction  mechanism  and  in  turn  will  bring  down  the  FT 
conditions  of  preparation  of  materials. 
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Hydrothermal  Growth  of 
Some  Selected  Crystals 


The  hydrothermal  technique  has  produced  a wide  variety  of  min- 
erals and  crystals,  both  in  nature  and  in  laboratory.  In  fact,  it  is  the  only 
technique  to  synthesize  some  of  the  inorganic  compounds  like  quartz, 
berlinite,  and  so  on.  However,  the  method  has  some  limitations  as  far  as 
the  size  is  concerned.  Except  quartz,  the  method  has  not  yielded  large 
single  crystals.  Although  berlinite,  gallium  berlinite,  and  lithium  tetraborate 
show  many  superior  piezoelectric  properties  compared  to  cx-quartz,  it  is 
not  possible  to  obtain  them  as  large  as  a-quartz  crystals.  Further,  it  is 
difficult  to  discuss  here  the  growth  of  all  the  compounds  of  hydrothermal 
origin.  Hence,  the  scope  of  this  chapter  has  been  restricted  only  to  the 
growth  of  most  important  crystals. 


5.1  QUARTZ 

Quartz  is  one  of  the  most  abundant  minerals  and  occurs  both  as  an 
essential  and  accessory  constituent  of  the  rocks.  References  to  quartz  are 
known  from  1505  onwards.  It  may  have  been  derived  from  the  Saxon 
word  querkluftertz,  or  cross-vein-ore,  which  could  easily  have  become 
condensed  to  querertz  and  then  to  quartz .[1] 


198 


Hydrothermal  Growth  of  Crystals  199 


Quartz,  SiO-,,  exists  both  in  crystalline  and  amoiphous  forms  in 
nature.  The  crystalline  form  of  quartz  has  over  22  polymorphic  modifica- 
tions. The  three  principal  crystalline  forms  of  Si02  (quartz,  tridymite,  and 
cristobalite)  possess  a well-defined  field  of  stability  under  equilibrium 
conditions  for  each  one  of  them.  The  transformations  from  one  to  another 
are,  however,  somewhat  sluggish,  so  that  the  higher  temperature  forms, 
cristobalite  and  tridymite,  can  exist  metastably  below  their  inversion 
temperatures.  Each  crystalline  form  of  quartz,  metastable  tridymite  and 
metastable  cristobalite,  has  furthermore  low-  and  high-temperature  modi- 
fications designated  as  a-  and  /3-,  respectively.  12H4]  Amongst  them,  a- 
quai  tz,  which  is  stable  below  573°C  at  atmospheric  pressure,  is  the  most 
popular  and  technologically  very  important.  The  structure  of  a-quartz  is 
shown  in  Fig.  5. 1 ,15][6]  phe  a- quartz  has  trigonal  symmetry,  belongs  to  the 
enantiomorphous  crystal  class  32,  and  its  space  group  is  P3[21  or  P3221 
according  to  its  right-or  left-handedness.  Its  structure  was  among  the  first 
to  be  investigated  by  x-ray  techniques  as  early  as  1914  by  Bragg.161  The 
structure  of  quartz  is  made  up  of  Si04  tetrahedra,  which  are  linked  by 
sharing  each  of  their  corners  with  another  tetrahedron.  In  the  3-dimen- 
sional framework  thus  formed,  every  Si4+  has  four  oxygens  and  every 
oxygen  has  two  silicons  as  nearest  neighbors.  There  are  several  works 
on  the  hydrothermal  synthesis  of  other  varieties  of  silica — like  coesite, 
/3-quartz,  stisshovite,  cristobalite  and  tridymite. EH10!  However,  the  scope 
of  this  chapter  has  been  restricted  to  the  growth  of  large  size  single  crystals 
of  quartz  by  the  hydrothermal  technique.  In  this  respect,  it  is  only  the  a- 
quartz,  which  could  be  grown  as  large  bulk  single  crystals,  whereas  the 
other  varieties  of  silica  have  been  obtained  so  far  only  as  fine  crystalline 
products,  or  tiny  cristallites. 


Figure  5.1.  Structure  of  a -quartz.|5! 
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The  a-quartz  is  one  of  the  most  extensively  studied  materials.  It  is 
the  most  popular,  and  technologically  very  important  among  all  the 
hydrothermally  grown  crystals  or  materials.  Quartz  as  a piezoelectric 
crystal  has  the  ability  to  convert  electric  waves  into  mechanical  waves  and 
to  reverse  the  process.  Because  of  this  property,  quartz  is  widely  used  in 
filters,  timing  and  frequency  control  applications,  optical  fibers,  dielectric 
applications,  and  so  on.  In  the  recent  years,  quartz  “tuning  forks”  have 
become  essential  for  timing  functions  in  electronic  watches  and  in  timing 
circuits  for  computers  and  telecommunications.  Quartz  crystal  is  one  of 
the  most  transparent  materials  over  a wide  range  of  optical  frequencies 
from  UV  (ultraviolet)  to  IR  (infrared)  regions,  and  it  has  double  refraction 
(birefringence)  and  optical  rotation  power.  Because  of  these  properties, 
the  quartz  crystal  is  utilized  as  optical  device  on  a large  scale.  Typical 
applications  are  in  optical  low  pass  filters  (OLPF)  for  video  cameras  and 
waveplates  for  optical  pick  up.  Table  5.1  gives  a wide  range  of  applica- 
tions for  a-quartz. 


Table  5.1.  Applications  for  a-quartz 


Industrial 

equipment 

Precision  oscillators,  optical  fibers,  dielectric  materials, 
radiocommunications,  cable  communications,  electronic 
applications,  measurement  equipment,  pagers,  security 
systems  (alarms)... 

Consumer 

equipment 

Electronic  hand  calculators,  watches,  clocks,  timers, 
cable  TVs,  color  TVs,  video  recorders,  RF  converters, 
transceivers,  radio  equipment,  microphones,  electronic 
appliances,  microphones,  microcomputer  and  computer 
terminals,  TV-game  machines,  telephones,  copy  ma- 
chines... 

The  principal  source  of  electronic  grade  natural  quartz  is  Brazil. 
Today,  the  electronic  industries  are  largely  inclined  to  use  synthetic  quartz, 
because  natural  quartz  crystals  arc  generally  irregular  in  shape,  automatic 
cutting  is  cumbersome  and  the  yield  is  low.  Over  3000  tons  of  quartz  are 
produced  annually  for  a variety  of  applications.  These  applications  range 
from  optical  components  (due  to  its  high  transparency)  to  precise  time  and 
frequency  oscillators  based  on  its  piezoelectric  properties.  The  important 


Hydrothermal  Growth  of  Crystals  201 


countries  contributing  to  the  world  production  are  USA,  Japan,  China, 
Korea,  Taiwan,  Poland,  Belgium,  France,  Germany,  Russia,  and  so  on. 
Japan  alone  produces  more  than  50%  of  the  worldwide  production,  fol- 
lowed by  USA.Od  Figure  2.11  shows  a photograph  of  synthetic  quartz 
crystals  pulled  out  from  the  world’s  largest  autoclave  located  at  the  Toyo 
Electric  Co.,  Japan. h2l  The  inner  diameter  of  the  autoclave  is  65  cm.  To 
quote  an  example,  the  combined  production  quantity  of  quartz  crystal 
units,  filters,  and  oscillators  in  1980  was  390  million  pieces  in  Japan  and  it 
was  remarkably  increased  to  2.13  billion  pieces  in  1990.  The  hydrother- 
mal growth  of  quartz  has  been  described  and  reviewed  in  several  earlier 
works. 02H171  Hence,  we  will  only  consider  the  conventional  method  of 
the  growth  of  a-quartz  and  its  kinetics  data  in  brief.  Instead,  we  discuss  the 
more  recent  developments  in  the  growth  of  high  purity  and  low  dislocation 
quartz. 

The  a - fi  transition  in  quartz  takes  place  at  about  573°C,  and  the 
crystal  growth  of  quartz  insists  upon  a growth  technique  suitable  to  the 
low-temperature  crystal  growth  process.  This  led  to  the  development  of 
hydrothermal  process.  In  fact,  much  of  our  knowledge  of  the  hydrother- 
mal technique  has  resulted  from  the  success  in  the  growth  of  quartz 
crystals.  The  first  publication  in  hydrothermal  research  is  again  pertaining 
to  the  synthesis  of  quartz  by  Schafhaul  during  1845. [18]  The  best  known 
source  of  natural  quartz,  even  today,  is  Brazil,  which  has  large  occur- 
rences of  high  quality  electronic  grade  quartz.  As  a matter  of  fact,  Brazil 
was  the  only  supplier  of  large  crystals  of  high  quality  natural  quartz  for 
electronic  applications  until  World  War  II.  Shortages  in  U.S.A  and  Europe 
caused  by  German  submarine  activity  prompted  efforts  to  synthesize  large 
crystals  of  quartz,  in  the  laboratory,  using  seeds.  Spezia  (1900-1909)  was 
the  first  to  attempt  the  seeded  growth  of  quartz  crystals  and  to  carry  out  a 
systematic  study  of  the  solubility.  However,  the  growth  rate  was  poor.  It 
was  only  during  World  War  II  that  Nacken  could  achieve  higher  growth 
rates  for  quartz  by  the  hydrothermal  technique.  The  pilot  scale  production 
of  quartz  began  during  mid  1950s  in  U.S.A.  and  erstwhile  USSR.  Several 
countries  attempted  the  artificial  growth  of  large  size  single  crystals  of 
quartz.  Especially,  after  the  publication  of  the  works  of  Nacken  in  1 9501 1 9 1 
and  the  captured  German  reports,120^21!  several  laboratories  began  study- 
ing quartz  crystal  growth  almost  simultaneously  and  the  hydrothermal 
technique  became  a very  popular  tool  for  developing  many  complex 
inorganic  compounds.  Industrial  scale  production  occurred  essentially 
during  1960s  and  1970s,  with  a peak  development  between  1968  and 
1976,  especially  in  USA,  Japan,  and  Europe. 
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In  the  growth  of  a-quartz  by  the  conventional  method,  the  auto- 
claves used  by  most  of  the  workers  were  modified  Bridgman  type  auto- 
claves. The  design  and  construction  of  the  modified  Bridgman  autoclave 
is  described  in  Ch.  3.  The  typical  laboratory  size  autoclave  is  1"  diameter 
x T length.  The  pressure  autoclave  used  in  Europe  and  USA  is  13  inches 
diameter  and  > 10'  length  with  350  liters  internal  volume,  which  gives 
some  150  kg  of  quartz  per  cycle.  But  an  evolution  concerning  vessel’s 
dimensions  has  to  be  noted,  especially  in  Japan,  where  autoclaves  with 
1000  liters  to  5000  liters  of  internal  volume  are  in  operation  producing  500 
to  2000  kg  quartz  per  cycle.  The  evolution  of  the  autoclaves,  the  sealing 
involved,  and  the  volume  are  discussed  in  Ch.  3.  These  larger  internal 
volume  autoclaves  are  provided  with  Grey-Loc  type  of  sealing.  Parallel  to 
the  increase  in  output,  electronic  components  manufacturers  have  been 
looking,  for  the  past  2Vi  decades,  for  a material  with  steadily  increasing 
performances  for  professional  applications  in  the  telecommunications 
field,  civilian  as  well  as  military. 

In  the  growth  of  a-quartz,  available  nutrient  material  such  as 
small  particle  size  a-quartz,  silica  glass,  high  quality  silica  sand,  or  silica 
gel  is  placed  in  a liner  made  up  of  iron  or  silver  with  a suitable  baffle  and 
a frame  to  hold  the  seed  plates.  A mineralizer  solution  with  a definite 
molarity  is  poured  into  the  liner  to  make  the  required  percent  fill.  The 
increased  solubility  in  the  presence  of  mineralizer  increases  the  supersatu- 
ration without  spontaneous  nucleation  and  consequently  allows  more 
rapid  growth  rates  on  the  seeds.  Figure  3.3  shows  the  cross  section  of  the 
modified  Bridgman  autoclave  used  in  the  growth  of  quartz  crystals.  The 
commercial  autoclaves  used  have  10  inch  inner  diameter,  and  are  10  feet 
long  unlined.  These  autoclaves  can  work  at  conditions  up  to  30,000  psi 
and  400°C.  Most  of  these  experiments  are  carried  out  for  25  to  90  days  to 
obtain  full  size  crystals,  4 cm  in  the  Z-direction  and  12.5  to  15  cm  in  Y- 
direction.  Temperature  gradient  is  varied  according  to  the  nutrient  used. 
About  IN  NaOH  or  Na7C03  is  the  most  commonly  used  mineralizer.  The 
solubility  change  with  temperature  is  smaller  in  NaOH  and  slightly  larger 
in  Na2C03.  The  temperature  of  the  autoclave  at  the  nutrient  zone  is  usually 
kept  at  355-369°C  and,  in  the  growth  zone,  it  is  kept  at  350°C.  The 
addition  of  lithium  improves  the  growth  rate  and  small  amounts  of  Li  salts 
are  routinely  added  to  the  solution.1221  The  solubility  is  also,  to  some 
extent,  a function  of  increasing  pressure.  The  pressure  is  controlled  by  the 
percent  fill  in  the  autoclave,  and  it  is  usually  about  80%  for  hydroxyl 
mineralizer  (20,000  psi  internal  pressure).  In  most  of  the  experiments,  the 
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percent  opening  of  the  baffle  is  20%;  even  lower  percents  are  used  by 
several  workers.  However,  the  actual  percent  opening  of  baffle  area  and  its 
geometry  arc  not  disclosed,  especially  by  commercial  growers. 

The  optimum  growth  conditions  for  synthesis  of  quartz  based  on 
the  work  in  Bell  Laboratories  are:[23T241 


Dissolution  temperature 
Growth  temperature 
Pressure 

Mineralizer  concentration 
Temperature  gradient  (AT)  - 
% fill 

Growth  rate  in  (0001) 


425°C 

375°C 

1 5.000- 25,000  psi. 
0.5-1. 0 M NaOH 
50°C 

78-85% 

1.0- 1.25  mm/day 


The  quality  of  the  grown  crystals  is  also  a function  of  the  seed  orientation 
and  its  quality.  Strained  seeds  generally  produce  a strained  growth  re- 
gion.[25]  The  seeds  are  polished  to  a very  fine  finish  before  use.  Most  high 
quality  crystals  are  grown  using  seeds  with  surfaces  perpendicular  to  Z- 
direction  since  the  Z-growth  region  is  the  lowest  in  aluminum  concentra- 
tion. Though  the  main  paid  of  quartz  production  consists  in  of  Y-bar 
crystals,  that  is,  small  crystals  (Z  = 20  to  25  mm,  64  mm  seed)  capable  of 
several  Y-bars  per  crystal,  the  pure  Z-bars  are  also  produced,  representing 
10  to  20%  of  this  production.  In  medium  and  high  quality  grades,  we 
notice  a rise  in  demand  for  crystals  of  very  large  dimensions  and  upper 
medium  quality,  especially  in  USA,  for  manufacturing  wafers  used  in 
surface  wave  applications.!1 0 Earlier,  most  of  the  seeds  used  were  natural 
quartz  cut  into  a definite  orientation,  but  in  recent  years  this  practice  is 
only  used  when  a high  quality  crystal  is  desired. 

The  growth  of  quartz  crystals  has  been  understood  precisely  with 
reference  to  the  growth  temperature,  temperature  gradient,  percent  of  fill, 
solubility,  percent  of  baffle  open,  orientation  and  nature  of  seed,  and  type 
of  nutrient.  Also,  many  kinetic  studies  have  been  carried  out.1 1311 14  Fig- 
ures 5.2  and  5.3  show  the  solubility  of  quartz  with  temperature,  growth 
rate  as  a function  of  seed  orientation,  and  growth  rate  as  a function  of 
percent  of  fill.  Figure  5.4  shows  hydrothermally  grown  quartz  crystals. 

The  type  of  crystal  to  be  grown  depends  on  the  application,  as 
different  properties  are  required  in  each  case.  For  optical  use,  high  unifor- 
mity, low  strain  and  low  inclusion  counts  are  needed  since  all  of  these  can 
affect  the  transparency.  For  surface  acoustic  wave  devices,  large  pieces 
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are  needed  which  can  take  a very  high  quality  surface  finish.  The  quality 
of  the  material  required  for  resonators  used  in  time  and  frequency  devices 
varies  with  the  application.  The  more  precise  the  need,  the  more  stringent 
are  the  requirements.  For  most  applications,  a truly  high  quality  material  is 
not  needed.  For  high  precision  uses,  such  as  in  navigational  devices  and 
satellites,  a very  high  quality  material  must  be  used.  Most  of  the  recent 
research  on  quartz  growth  is  for  improved  resonator  performance,  which 
requires  the  growth  of  high  quality,  and  low  dislocation  quartz,  which  is 
discussed  in  Sec.  5.2.6.  Figure  5.5  shows  the  fabrication  of  resonators 
from  a single  crystal. 
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Figure  5.2.  Solubility  of  quartz  with  temperature. bT 
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Figure  5.3.  Growth  rate  of  quartz  as  (a)  a function  of  seed  orientation,  and,  (b)  a 
function  of  percent  of  fillJ14! 
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Figure  5.4.  Hydrothermally  grown  quartz  crystals. fi?l 


Figure  5.5.  Fabrication  of  resonators  from  a single  crystal. ll6l 
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5.2  GROWTH  OF  HIGH-QUALITY  (AND  DISLOCATION 
FREE)  QUARTZ  CRYSTALS 

It  is  well  known  that  the  hydrothermal  growth  of  quartz  in  the 
industrial  sector  is  at  least  45  years  old.  Though  many  improvements  have 
been  brought  about,  it  is  still  more  an  art  than  a truly  reproducible 
industrial  and  scientific  process.  We  discussed  in  Ch.  1 the  shortcomings 
in  the  hydrothermal  growth  of  crystals,  especially  with  reference  to  the 
theoretical  knowledge.  This  applies  even  to  quartz  growth  under  hydro- 
thermal  conditions.  The  growth  of  high  quality  quartz  crystals  insists  on  so 
many  parameters  like  phase  relationships,  nutrient’s  solubility,  thermody- 
namics (state  equations,  kinetics  of  reaction,  impurities  repartition),  crys- 
tal defects  characterization,  and  so  on.  The  other  aspect  is  that  the  needs 
for  cheaper  material  in  a wide  range  of  applications  like  clocks,  micropro- 
cessors, etc.,  result  in  content  with  a medium  quality  product,  and  the  low 
profitability  precludes  financing  long  and  expensive  studies.  Though 
much  of  the  recent  publications  on  quartz  is  on  the  possibility  of  obtain- 
ing/growing high  quality  quartz  crystals  for  stringent  electronic  applica- 
tions, this  group  is  still  in  minority.  Except  for  quartz,  no  other  material 
coming  from  hydrothermal  synthesis  has  sizable  industrial  use;  even 
though  A1P04,  GaP04,  Li2B407,  and  microcrystallites  show  interesting 
promise,  industry  does  not  seem  ready  to  make  an  important  R & D effort 
concerning  these  products.  Thus,  it  is  difficult  to  get  financial  support  to 
acquire  a better  knowledge  of  hydrothermal  growth,  which  is  highly 
intricate  and  necessitates  an  important  effort  for  a long  duration  of  time. 
Private  industry  cannot  deal  alone  with  the  costs  of  such  a program;  even 
in  the  USA,  research  programs  are  government  sponsored,  especially  in 
defense  field. [1 11 

Several  criteria  are  used  to  evaluate  the  quality  of  quartz  crystals. 
The  most  commonly  used  criterion  is  the  Q value  or  quality  factor,  which 
is  a measure  of  the  acoustic  loss  of  the  material.  It  is  important  for  a 
resonator  to  have  high  electrical  Q value  and  superior  frequency-tempera- 
ture characteristics.  In  a piezoelectric  resonator,  electrical  energy  and 
mechanical  energy  are  interconvertible.  In  such  a case,  Q is  expressed  as: 


where  X is  the  inductive  or  capacitive  reactance  at  resonance  and  R is  the 
resistance. 


[X] 
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The  quality  factor,  Q,  can  be  considered  as  the  inverse  of  the 
fraction  of  the  energy  lost  per  cycle.  The  highest  values  of  Q are  required 
in  order  to  prevent  loss  of  energy  into  coherent  phonons.  The  acoustic  Q 
for  natural  a-quartz  crystal  varies  in  the  range  of  1 to  3 x 106  while  for 
synthetic  quartz  crystals,  the  value  drops  down  to  2. 105  to  1. 106.  Thus,  in 
the  last  two  decades,  the  main  objective  among  quartz  crystal  growers  has 
been  to  improve  Q,  which  in  turn  leads  to  the  production  of  a low 
concentration  of  physico-chemical  and  structural  defects.  We  shall  dis- 
cuss the  growth  of  such  quartz  crystals  of  high  quality  through  the  study  of 
growth  rate,  mineralizers,  solubility  liner  material  autoclave,  seed  effect, 
nutrient  effect,  and  finally  the  recent  advances  in  the  processing  of  defect- 
free  quartz  for  stringent  electronic  applications. 

5.2.1  Growth  Rate 

Growth  rate  is  determined  by  the  ratio  of  increase  in  thickness  of 
seed  and  duration  of  the  run.  The  growth  rate  along  the  main  crystallo- 
graphic axes,  Rc,  is  determined  by  dividing  the  thickness  of  the  layer 
grown  on  the  seed,  (h{  - h0)l 2,  by  the  run  duration  t,  and  is  expressed  in 
mm  per  day.  A much  more  precise  procedure  is  to  determine  Rc  as  a 
function  of  weight  increment  provided  the  surface  area  does  not  change 
during  the  run,  Rc  - (Pt  - Po  )/2St  8 , where  5 = 2.65g/cm3  is  the  density  of 
quartz.  The  growth  rate  increases  with  the  run  duration,  the  increment 
being  relatively  faster  during  the  early  hours  and  days.1261  The  growth  rate 
depends  upon  various  factors  like  growth  temperature,  experimental  pres- 
sure (%  fill),  impurities  concentration,  presence  of  defects,  seed  orienta- 
tion, solvent/mineralizer,  % of  baffle  opening,  and  so  on.  It  has  also  been 
known  for  sometime  that,  qualitatively,  acoustic  Q is  inversely  propor- 
tional to  the  growth  rate  and  directly  related  with  to  chemical  impurities 
which  will  be  discussed  separately.  The  internal  friction  (inverse  of 
mechanical  Q)  is  dependent  on  growth  rate  of  synthetic  quartz  crystals. 
This  was  first  demonstrated  by  Brown.1271  Chakraborty  ( 1 977)  has  studied 
the  dependence  of  mechanical  Q on  the  growth  rate  of  quartz  crystals 
using  different  mineralizers,  and  concludes  that  the  inverse  relationship 
(exponential)  between  mechanical  Q and  growth  rate  is  independent  of  the 
nature  of  the  solvent  in  which  the  crystals  have  been  grown. [28]  Thus,  the 
mechanical  Q is  not  dependent  on  growth  rate  only,  but  also  upon  various 
other  operational  variables.  For  example,  for  growth  on  surface  normal  to 
(0001)  (basal  plane  growth)  or  on  samples  5°  from  (0001)  (+5°  X cut 
surface),  high  Q quartz  ( Q > 106)  can  be  grown  at  rates  below  20  mil/day 
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(0.5  mm/day)  while  even  in  the  presence  of  Li+,  Q’s  above  106  have 
ordinarily  not  been  obtained  at  growth  rates  much  above  60  mil/day  (1.5 
mm/day).  Techniques  for  obtaining  high  Q at  high  rates  have  obvious 
economic  importance.  In  particular,  rates  above  100  mil/day  (2.5  mm/ 
day)  with  £9’ s > 106  would  provide  significant  savings  in  both  capital  and 
operating  expenses  in  commercial  quartz  growth. !29! 

5.2.2  Seed  Effect 

The  seed  plays  a predominant  role  in  the  quality  of  the  resulting 
crystal.  For  higher  frequency  applications,  a smaller  X-axis  dimension  is 
needed.  Material  with  growth  along  the  Z-axis  (Z-growth  material)  is 
desired  for  resonators  as  it  has  been  shown  that  this  material  is  about  an 
order  of  magnitude  lower  in  aluminum  concentration.  I30!  The  thickness  of 
the  seed  is  usually  between  1 to  2 mm.  Until  recently,  it  was  necessary  to 
use  natural  seeds  for  the  preparation  of  low  dislocation  crystals.  This  is  an 
extremely  tedious  process  since  only  a small  portion  of  natural  crystal  is  of 
sufficient  quality  for  seed  use,  resulting  in  a complicated  selection  pro- 
cess. The  seeds  must  also  be  of  sufficient  size  for  useful  crystal  growth. 
Christie  et  al.  (1983)  have  reported  that  small  seeds  can  be  fastened 
together  to  make  longer  seeds,  but  this  has  not  always  been  successful.!31! 
Most  seeds  used  today  are  fabricated  from  synthetic  quartz  crystals.  This 
is  a much  simpler  process  since  the  seeds  can  be  cut  parallel  from  the 
original  seed.  Most  crystals  grown  from  synthetic  seeds,  however,  contain 
a large  number  of  dislocations  of  the  order  of  several  hundred  per  square 
centimeters.  This  results  in  the  formation  of  etch  channels  in  the  resonator, 
which  weaken  it  mechanically  and  cause  problem  when  electronic  devices 
are  deposited  on  the  surfaced32!  The  studies  of  Armington  and  Larkin 
(1985)  have  shown  that,  when  a seed  perpendicular  to  the  Z-axis  (but  from 
the  X- growth  region)  is  used,  the  dislocation  density  can  be  reduced  to 
below  ten,  and  sometimes  to  zero  dislocations  per  square  centimeter 
(Table  5.2,  Figs.  5.6,  and  5.7)d33!  Although  the  reasons  for  this  are  not 
entirely  understood,  it  may  be  related  to  the  fact  that,  unlike  disloca- 
tions in  the  Z-region  where  they  form  at  the  seed  and  grow  close  to  the  Z- 
axis,  most  dislocations  in  theX-region  grow  at  an  angle  of  at  least  45°,  and 
are  usually  close  to  90°  from  the  Z-axis.  Studies  have  shown  that  alumi- 
num in  the  seed  does  not  migrate  into  the  growth  regions.  Thus,  the 
purity  of  the  crystals  produced  using  seeds  cut  from  the  X-region  is  as 
good  as  crystals  produced  from  the  usual  Z-seed. 
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Table  5.2.  Dislocation  Density  in  Different  Seeds 


Seed 

Mineralizer 

Etch  Channel  Density 

Z 

Hydroxide 

253 

Z 

Carbonate 

247 

x+ 

Hydroxide 

1 

X+(reused) 

Hydroxide 

14 

Figure  5.6.  Dislocation  density  in  quartz  J33l  (Courtesy  of  A.  F.  Armington.) 


Figure  5.7.  Dislocation  density  in  quartz  J33l  (Courtesy  of  A.  F.  Armington.) 


Hydrothermal  Growth  of  Crystals  211 


5.2.3  Nutrient  Effect 

The  quality  of  the  nutrient  has  a profound  effect  on  the  purity  of 
the  grown  crystal.  It  appears  that  most  of  the  impurities  incorporated  into 
the  crystal  come  from  the  nutrient  and  not  from  the  autoclave  walls.  The 
search  for  new  sources  of  nutrient  is  not  a new  field  of  research.  In  the  19th 
century,  earlier  workers  tried  several  varieties  of  nutrient  materials  to 
obtain  a-quartz  under  hydrothermal  conditions.  However,  the  results  were 
not  satisfactory  owing  to  the  lack  of  knowledge  on  the  solubility  data  for 
quartz,  which  resulted  in  a very  low  growth  rate.  In  this  respect,  some 
serious  efforts  were  initiated  by  Kolb  et  al.  during  1976.  They  examined 
new  sources  of  nutrient  to  replace  Brazilian  a-quartz  for  hydrothermal 
crystallization.!341  It  was  found  that  the  acoustic  Q strain  depends  upon  the 
source  of  the  nutrient  and  also  its  geographic  region/location.  Both  vein 
and  appropriately  chosen  pegmatite  quartz  can  be  used  as  nutrient.  High 
purity  sand  can  be  used  as  nutrient  provided  process  conditions  are  altered 
so  as  to  compensate  for  its  effective  lower  surface  area.  Non  a-quartz 
nutrients  such  as  silica  glass  and  silica  gel  produce  initially  higher  super- 
saturation and  fast  growth  rates  leading  to  poor  quality  of  crystal  growth. 
However,  alterations  in  process  conditions  can  be  made  to  reduce  initial 
growth  rates  and  prepare  reasonable  quality  crystals.  Therefore,  in  the 
growth  of  high  quality  quartz  crystals,  Z-growth  material  and  recrystal- 
lized glass  is  used  as  the  nutrient  material.  If  future  requirements  become 
more  stringent,  particularly  for  radiation  damage,  it  will  be  necessary  to 
reduce  the  aluminum  content  even  further.  In  this  case,  recrystallized 
glass  will  be  the  leading  candidate,  as  higher  purity  glass  is  available.  This 
generally  requires  two  runs,  since  the  glass  must  first  be  converted  to  a- 
quartz. 

There  are  several  laboratories  throughout  the  world  working  to 
find  a suitable  nutrient  for  high  quality  quartz  growth.  Hosaka  and  Miyata 
(1991)  have  obtained  high  quality  a-quartz  crystals  using  cristobalite  as 
the  nutrient.1351  The  authors  have  used  high-purity  a-cristobalite  powder 
compacted  into  grains  of  0.5-1.00  mm  or  into  lumps  of  approximately  1 
cm  in  diameter  for  the  hydrothermal  synthesis  of  a-quartz. 

Alpha-cristobalite  is  a polymorphic  form  of  silica  as  are  quartz 
and  tridymite  and  has  a higher  solubility  than  quartz. 136  Alpha-cristobalite 
powder!371  has  the  following  advantages:  it  can  be  obtained  in  a high- 
purity  state  with  low  contents  of  Al  and  alkaline  metallic  ions,  and  can  be 
prepared  with  relative  ease  as  particles  of  uniform  size.  As  compared  with 
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the  conventional  growth  of  synthetic  quartz  crystals  using  Brazilian  lascas, 
the  use  of  a-cristobalite  powder  may  be  expected  to  allow: 

( i)  Synthesis  of  high-purity  large  quartz  crystals. 

(ii)  Synthesis  of  micro  quartz  crystals  having  uniform 
grain  size. 

Hosaka  (1991)  had  attempted  to  crystallize  micro  quartz  crystals  by 
hydrothermal  hot  pressing  method  using  a-cristobalite  powder  as  a source 
material. i38i  Figure  5.8  shows  a-quartz  crystals  grown  at  high  (left)  and 
low  (right)  fillings  using  a-cristobalite  as  the  nutrient.  The  % fills  or 
pressure  greatly  influences  the  growth  rate.  However,  a considerable 
amount  of  work  has  to  be  carried  out  for  the  industrial  production  of  a- 
quartz  using  cristobalite  as  the  nutrient. 


Figure  5.8.  Alpha-quartz  crystals.138] 
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5.2.4  Solubility 

Solubility  is  one  of  the  most  important  aspects  in  hydrothermal 
crystal  growth.  The  early  literature  survey  clearly  shows  that  the  very  slow 
growth  rate  achieved  until  the  works  of  Nacken  (Germany  1950)  and 
Wooster  and  Wooster  (1946)  were  published  was  mainly  attributed  to  the 
lack  of  knowledge  of  the  solubility  of  quartz.1 1911391  The  same  applies  to 
other  compounds  also.  The  first  systematic  study  of  the  solubility  of 
quartz  was  carried  out  by  Spezia  (1905)440]  Since  then,  a lot  of  progress 
has  been  achieved  in  the  understanding  of  the  solubility  in  general  for 
various  inorganic  compounds.  During  1960s,  new  methods  of  investigat- 
ing the  solubility  and  the  new  experimental  set  up  for  the  determination  of 
solubility  under  hydrothermal  conditions  were  proposed  J41^42] 

The  solubility  of  quartz  in  pure  water  was  found  to  be  too  low  for 
crystal  growth  (0. 1-0.3  wt  %),  but  the  solubility  could  be  markedly 
increased  by  the  addition  of  OH-,  CT,  F-,  Br,  T,  and  acid  media  which  act 
as  mineralizers.  For  example,  the  reactions 

Si02  + 20H-  -»  Si032-  + H20 

20H-+  3Si02  ->  Si3072-  + H20 

show  the  formation  of  various  complexes  or  species  during  the  hydrother- 
mal crystallization  of  quartz.  Flosaka  and  Taki  have  used  Raman  spectra  to 
identify  and  quantify  such  species. 1431 

In  pure  aqueous  solutions  (even  at  400°C  and  25000  psi),  the 
solubility  of  quartz  is  too  low  to  allow  growth  to  take  place  in  any 
reasonable  time.  Alkaline  additions,  such  as  NaOH,  Na2C03,  KOH  and 
K,C03  are  all  effective  as  mineralizers  in  this  pressure  and  temperature 
range.  A small  increase  in  molarity  results  in  only  a slight  increase  in  the 
growth  rate,  whereas  large  increase  begins  to  produce  an  additional  phase 
along  with  quartz.  The  minimum  molarity  for  good  growth  rate  is  about 
0.25  M for  NaOH.  Concentrations  of  about  4.0  M for  NaOH  and  2.0  M for 
KOH  form  sodium  or  potassium  silicates  along  with  a-quartz.  Laudise 
and  Ballman  (1961)  have  measured  the  solubility  of  quartz  in  0.5  M NaOH 
as  a function  of  % fill  and  temperature.  The  quartz  solubility  dependence 
on  % fill  is  shown  in  Fig.  5.9.[44] 
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An  important  result  of  solubility  determinations  is  the  delineation 
of  the  pressure,  temperature,  and  composition  regions  where  the  tempera- 
ture coefficient  of  solubility  is  negative.  These  regions  are  to  be  avoided  in 
the  growth  of  quartz,  since  they  require  a different  setup;  otherwise,  they 
result  in  the  loss  of  seed  crystals. 


Figure  5.9.  Quartz  solubility  dependence  on  % fill.144! 
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In  recent  years,  mixed  solvents  are  being  used  even  in  the  growth 
of  quartz.  High-quality  large  quartz  crystals  have  been  obtained  in  NaCl 
and  KC1  solutions,  NaOH  and  Na-,C03  solutions,  (10%)  J45446]  Most  of  the 
literature  data  available  on  the  solubility  of  a-quartz  deals  with  the  data  in 
various  solutions  at  elevated  temperatures  and  pressures.  It  was  recently 
observed  that,  in  the  growth  of  quartz  crystals  under  hydrothermal  condi- 
tions, the  evaluation  of  pressure  generation  and  its  effect  on  the  dissolu- 
tion in  different  aqueous  solutions  are  the  important  steps.  Hence  the 
authors  have  studied  the  solubility  of  a-quartz  in  NaOH  (1M)  + Na9C03 
(1M)  using  high-pressure  conditions  from  200  MPa  to  350  MPa  at  tem- 
peratures of  400°C446]  The  impetus  for  this  work  was  provided  by  the  fact 
that  high  frequency  applications  of  a-quartz  require  sheets  with  small 
thickness  of  the  same  order  of  size  as  the  defects  (such  as  inclusions,  etch 
pits  and  dislocations).  Thus,  the  pressure  can  make  new  solvents  viable  for 
hydrothermal  growth,  especially  by  reducing  their  concentrations.  Figures 
5.10  and  5.11  show  the  solubility  limit  comparison  between  NaOH  (1M) 
and  Na-,C03  (1M)  vs.  pressure  at  400°C;  and  log  solubility  (5t)  in  NaOH 
(1M)  and  in  Na2C03  (1M)  vs.  1/P.  These  experimental  results  show  that 
Na2C03  appears  to  be  a better  solvent  than  sodium  hydroxide  in  high- 
pressure  domain  for  a temperature  close  to  400°C.  From  Fig.  5.11,  the 
enthalpy  values  have  been  calculated  and  the  values  are  as  follows: 

A Ht=  2395  ± 5 cal/mole  for  NaOH  (1M);  200  < P < 350  MPa 

A Ht=  4001  ± 2 cal/mole  for  Na2C03  (1M);  150  < P < 350  MPa 


5.2.5  Defects  Observed  in  Synthetic  a-quartz  Single  Crystals 

The  defects  present  in  the  synthetic  a-quartz  crystals  play  an 
important  role  in  determining  its  quality  and  in  turn  applications.  Much  of 
the  recent  works  on  quartz  is  essentially  focussed  on  the  defect  studies.  All 
the  defects  present  in  quartz  can  be  classified  into  two  types: 

- The  physico-chemical  defects 

- The  structural  defects 
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Solubility  Limit  (y/1) 


Figure  5.10.  Solubility  limit  comparison  between  NaOH  (1M)  and  Na2C03  (1M) 
vs.  pressure  at  400°C.l46l 


T/ii  (Solubility  Limit) 


Figure  5.11.  Log  solubility  (5t)  in  NaOH  ( 1M)  and  in  Na2C03  (1M)  vs.  1 /P}4^ 
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Physico-chemical  defects  are  mainly  induced  by  the  nature  of  the 
nutrient  or  the  solvent  and  also  by  chemical  contamination  of  the  solution 
by  the  metal  constituting  the  reaction  vessel.  Quite  often,  solid  or  liquid 
inclusions  like  NaFe3+Si006  (acmite)  are  inserted  in  the  a-quartz.  The 
most  important  impurity  in  quartz  is  H+,  which  easily  fits  interstitially  in 
the  large  ( 1 A)  channels  that  lie  parallel  to  the  c-axis  to  charge  compensate 
for  Al3+  which  goes  to  a Si4+.  It  enters  the  lattice  from  the  growth  solutions 
as  OH-,  the  O2"  being  incorporated  in  the  Si02  lattice.  In  thermodynamical 
conditions,  different  cations  (in  particular  Li+)  can  be  in  the  interstitial 
positions,  in  particular  for  compensating  the  Si4+  — > M3+  cationic  substitu- 
tion into  the  a-Si02  lattice.  Figure  5. 12  shows  the  effect  of  growth  rate  on 
Al3+  concentration  in  the  Z-region  of  grown  crystals  using  hydroxide 
mineralizer.  1471  Aluminum  concentration  was  determined  by  FPR.1 161  Simi- 
larly, Laudise  has  studied  the  dependence  of  the  effective  partition  coeffi- 
cient for  OH-  impurity  in  quartz  on  growth  rate  (Fig.  5. 13)  J48]  Lithium  salt 
is  added  to  the  solvent  to  check  the  aluminum  concentration  in  the  grown 
crystal.  The  entry  of  A1  occurs  in  the  use  of  (OH)  and  (C03)  based 
mineralizers.  Table  5.3  gives  the  distribution  of  impurities  in  different 
sectors  of  synthetic  quartz,  which  has  been  studied  by  Yoshimura  et  al. 
(1979),  and  Iwasaki  and  Kurashige  ( 1 978)!49||5°i 


EFFECT  OF  GROWTH  RATE  ON  PURITY 
(EPR  RESULTS) 


Figure  5.12.  Effect  of  growth  rate  on  Al3+  concentration  in  the  Z-region  of 
growth  crystals!16! 
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Log  R 

Figure  5.13.  Effective  partition  coefficient  for  OH'  impurity  in  quartz  on  the 
growth  rate.!48] 


Table  5.3.  Impurities  in  Synthetic  Quartz  Crystals  (ppm) 


Sector 

A1 

Na 

Li 

Z 

5 

1 

0.5 

+x 

31 

9 

5 

-X 

122 

40 

5 

s 

85 

26 

16 

Hydrothermal  Growth  of  Crystals  219 


The  structural  defects  in  quartz  are  basically  the  dislocations. 
Their  origin  can  be  due.  generally,  to  foreign  particles,  thermodynamical 
parameters  governing  the  crystal  growth,  or  hydrodynamic  conditions 
inside  the  reaction  vessel. 

5.2.6  Processing  of  a-quartz  for  High  Frequency  Devices 

The  study  of  the  type  of  defects  present  on  silica  surfaces 
would  be  of  great  importance  for  a better  understanding  of  electrical  or 
piezoelectric  properties.  The  development  of  high  frequency  devices 
(24  MHz  —>100  MHz  or  more)  induce  some  strong  constraints  concerning 
the  shaping  of  the  a-SiCF  material.  The  low  defect,  high  purity  synthetic 
quartz  should  have  the  following  characteristics:151 1 


Parameter 

Desirable 

So  far  achieved 

Etch  channel  density 

< 10  / cm  2 

<86 

Inclusion  density 

< 10  / bar 

Impurity  concentrations  (ppb) 

A1 

<200 

700 

Li 

<300 

300 

Na 

<500 

1640 

K 

<40 

300 

Fe 

< 100 

1800 

Q (3500/3800  cm1 ) 

< 2.5  x 106 

> 2.5  x 106 

Strain 

none 

variable 

Fringe  distortion 

< 0.05  RMS 

variable 

The  existence  of  defects,  either  physico-chemical  or  structural,  in 
synthetic  quartz  crystals  leads  to  the  critical  modifications  of  devices. 
There  are  three  different  parameters  on  which  the  quality  of  quartz 
depends  :[52] 
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i.  Chemical  impurities,  e.g.,  (OH)-  distribution,  induce 
a large  decrease  of  the  acoustic  Q.  The  substitution 
O2"  — > (OH)-  being  coupled  with  the  cationic  one 
(Si4+  — > M3+),  the  M3+  impurities  can  play  an 
important  role  concerning  the  chemical  aging  of 
resonators  and  its  behavior  vs.  ionizing  radiations. 

//.Crystal  defects  like  dislocations,  etching  channels, 
fractures,  etc.,  which  influence  the  acoustic 
distribution. 

Hi.  Inclusions  (iron,  sodium,  acmite,  aluminum,  etc.). 

As  the  application  of  quartz  goes  to  higher  and  higher  frequency 
devices,  the  thickness  of  the  quartz  plate  drops.  For  example: 

24  MHz  range  applications:  ~ 70  pm  thickness 

100  MHz  range  applications:  ~ 6-7  pm  thickness 

The  thinning  down  of  the  quartz  plate  depending  upon  the  fre- 
quency measurements  and  can  be  expressed  as 


e(pnr) 

where  e is  the  plate  thickness.  K is  a constant  characteristic  of  the  material 
and  of  its  orientation,  and  F is  the  resonance  frequency. 

Sweeping  is  one  of  the  most  popularly  used  techniques  in  recent 
years  to  enhance  the  performance  of  quartz  resonators.  Sweeping  or  solid 
state  electrolysis  or  electro-diffusion  is  generally  performed  under  vacuum 
or  air  or  hydrogen  or  desired  atmosphere J53H55]  During  sweeping,  the 
crystal  is  placed  in  an  electric  field  and  heated.  Figure  5.14  shows  the 
schematic  diagram  of  the  sweeping  apparatus.  Then,  there  is  a migration 
of  the  impurities,  and  some  modifications  are  induced  within  the  crystal. 
According  to  the  parameters  used  by  the  manufacturer  during  the  sweep- 
ing process,  and  the  quality  of  the  as-grown  crystals,  the  results  could  be 
very  different.  Sweeping  reduces  the  formation  of  etch  tunnels.  The  effect 
of  sweeping  is  to  remove  lithium  and  sodium  deposited  interstitially 
during  the  growth.  These  ions  are  usually  trapped  along  an  angstrom- wide 
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tunnel,  which  is  parallel  to  the  Z-axis  in  the  quartz  crystal  lattice.  These 
ions,  in  an  interstitial  position,  interact  with  aluminum  impurities  substitu- 
tional in  the  lattice  to  form  Al-Li  centers,  which  have  shown  to  be  weakly 
bonded  and  are  the  cause  of  low  radiation  tolerance  in  a resonator.  In  the 
sweeping  process,  these  are  replaced  by  Al-OH  or  Al-hole  centers,  which 
have  a much  higher  radiation  tolerance. 


Figure  5.14.  Schematic  diagram  of  the  sweeping  apparatus^55! 


Sweeping  is  influenced  by  the  electric  field,  strength,  electrode 
type,  and  atmosphere.  It  takes  less  time  in  air  due  to  the  availability  of 
water  in  the  atmosphere. [56]  Electrodes,  usually  platinum,  or  gold  or 
aquadog  are  deposited  on  each  of  the  Z surfaces  of  a lumbered  bar.  The 
crystal  is  then  subjected  to  a field  of  1000-2000  volts/cm  (thickness)  at 
temperature  500-550°C.  The  current  is  continuously  measured  and  the 
sweeping  is  considered  completed  when  the  current  has  dropped  to  a 
constant  value.  It  takes  usually  5 to  7 days  to  remove  alkalies.  In  some 
quartz,  the  sweeping  may  take  7 days  or  even  more.  Sweeping  has  also 
been  used  to  dope  quartz  crystals  in  order  to  determine  the  effect  of  the 
dopant  on  the  properties  of  the  crystallization  of  quartz.  A vast  amount  of 
literature  data  shows  that  sweeping  can  not  become  a routine  process  even 
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if  all  the  same  experimental  conditions  are  ever  applied.  The  quality  of  the 
swept  crystal  can  change  in  such  a way  that  the  modifications  are  some- 
times unexpected.  So.  each  industrially  swept  crystal  must  be  controlled 
before  using.  Some  of  the  controlling  techniques  are  the  x-ray  topography 
and  the  infrared  spectroscopy.  These  techniques  help  to  characterize  the 
physico-chemical  defects  and  the  a3500  value  ( Q factor).  The  reader  can 
refer  to  the  works  of  Refs.  12.  57,  and  58. 

There  are  several  other  techniques  employed  for  the  fabrication  of 
piezoelectric  high-  to  ultrahigh-frequency  devices  based  on  quartz  resona- 
tors. The  important  ones  are  chemical  polishing  and  ion  beam  etching 
(IBE).  The  reverse  thermodynamic  relations  are  employed  for  the  refine- 
ment of  chemical  polishing.  Several  solvents  like  HF  and  NH4HF-,,  NaOH. 
KOH.  xH20,  NaOH.  xH20,  etcd59! 

Similarly,  the  industrial  chemical  etching  process  is  specially 
dedicated  for  large  thickness  removals  without  damaging  the  blank  sur- 
face texture.  This  is  most  useful  for  frequency  applications  of  quartz, 
because  the  mechanical  grinding  and  lapping  introduce  surface  stresses. 
Fluoride  media  is  the  most  popularly  one  for  this  type  of  chemical 
polishing.!60!  Recently,  Cambon  et  al.  (1994)  have  tried  industrial  chemi- 
cal etching  successfully  in  the  temperature  range  of  150  to  180°C  using 
concentrated  NaOH  solvents. 1611  During  the  chemical  etching  process, 
several  factors  influence  the  process:  kinetics,  etching  temperature,  etch- 
ing time,  plate  orientation,  SiCb,  concentration,  solvent  concentration, 
wafer  carrier  geometry,  and  so  on.  Using  this  process,  about  3200  quartz 
plates  can  be  processed.  The  resonators  manufactured  by  this  process  have 
demonstrated  a high  level  of  performance,  even  higher  than  those  ob- 
tained by  mechanical  means. 

Future  avenues  in  this  direction  are:  improvements  on  theoretical 
knowledge,  improvements  in  the  quality  of  solvents,  nutrients,  and  seeds, 
autoclaves’  technology,  material  used  for  autoclaves,  dimensional  ratio 
(diameter/length),  crystallization  zone/dissolution  zone,  basic  question- 
ing of  the  validity  of  presently  used  growth  parameters  ( P,T ),  and  better 
understanding  of  complementary  treatments  like  sweeping,  chemical  etch- 
ing, etc.  Thus,  any  work  on  quartz  is  still  a promising  field,  and  it  will  have 
some  important  consequential  effects  on  hydrothermal  growth,  in  general, 
and  facilitate  the  development  of  other  materials  production. 
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5.3  BERLINITE 

Berlinite.  AlP04is  named  after  N.  J.  Berlin  (1812),  a pharmacolo- 
gist of  the  University  of  Lund.  Its  physical  properties  are  shown  in  Table 
5.4. |62'  Berlinite  replaces  quartz  in  electronic  devices  because  its  large 
mechanical  coupling  factors  are  greater  than  a-quartz,  and  its  resonant 
frequency  is  nearly  independent  of  temperature  for  certain  orienta- 
tions463H65]  Berlinite  is  also  interesting  because  its  presence  in  Ca 
aluminum  phosphate  bioglass  ceramics  is  believed  to  lead  to  higher 
bioactivity  of  bone  implants  4664671  Table  5.5  gives  a tentative  comparison 
with  quartz. 


Table  5.4.  Physical  Properties  of  Berlinite  and  Quartz  (Schwarzenbach, 
1966)[62] 


Properties 

A1P04 

Quartz 

Density 

2.64  (natural) 
2.56  (artificial) 

2.655 

Hardness 

6-7 

7 

>% 

1.529  ±0.003 

1.544 

no 

1.519  ±0.003 

1.535 

Birefringence 

+ 0.01 

+ 0.009 

a 

4.94291 

4.9138 

c 

10.94761 

5.4052 

c/z 

5.4738  A 

c/a 

2.21481 

1.10 

c/2a 

1.1074 

space  group 

P3j21  or 

P3 , 21  or 

P3221 

P3221 

z 

3 

3 
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Table  5.5.  Tentative  Comparison  with  Quartz  (Thickness  y Rotated  Reso- 
nators at  Same  Frequency) 


Useful  coupling  coefficient  (AT 
filter  trapped  resonators) 

Enhanced  by  1.4  - 1.5 

Shift  of  oscillators  or  band  width 
of  filters  (AT  cut) 

Twice 

Angular  sensitivity  (1st  order  FTC) 

Reduced 

Thermal  stability  (higher  order  FTC) 

Better 

Q factor  propagation  losses 

Already  sufficient  (may  be 
comparable) 

Thickness  of  plates  (AT) 

Reduced  by  1.15 

Electrode  dimensions  (AT) 

Reduced  by  1.32  (TT) 

(Same  plating  2D  TT  of  TS) 

Reduced  by  1.23  (TS) 

Nonlinear'  properties 

To  be  determined 

“Dry”  berlinite  has  similar  C,  E,  EPS  constants,  first  order  TC 
and  much  reduced  higher  order  TC. 

Berlinite  occurs  in  nature  associated  with  augelite,  attacolite,  and 
other  phosphates  as  small  crystals  at  the  Westana  Iron  mines  near  Nasurn, 
Kristiaanstad,  Sweden.  Flowever,  the  synthetic  berlinite  is  more  popular 
and  abundant  and  it  can  be  obtained  as  fairly  big  crystals.  The  first 
successful  growth  of  berlinite  crystals  was  by  Jahn  and  Kordes  (1953), 
followed  by  Stanely  (1954).[68][69l  Stanely  carried  out  the  experiments  in  a 
sealed  borosilicate  glass  vessel  placed  in  a low  pressure  environment. 
Mason  ( 1 950)|7°l  carried  out  the  piezoelectric  measurements  for  a small 
crystal  of  berlinite.  Flowever,  the  importance  of  berlinite  only  came  into 
light  in  1976  when  Chang  and  Barsch16  ’1  studied  the  piezoelectric  proper- 
ties of  berlinite,  and  reported  large  mechanical  coupling  constants  and  that 
its  resonant  frequency  was  nearly  independent  of  temperature  for  certain 
orientations. 
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The  main  problem  connected  with  the  growth  of  berlinite  is  the 
negative  temperature  coefficient  of  solubility,  which  insists  on  some 
special  growth  conditions,  because  of  the  lower  solubility  at  higher 
temperatures,  and  higher  solubility  at  lower  temperatures.  One  of  the 
principal  problems  in  a systematic  growth  of  A1P04  crystals  is  the  growth 
rate  relationship  in  H3P04,  and  the  lack  of  good  solubility  data  (because  of 
the  negative  temperature  coefficient  of  solubility)  at  the  constant  fill 
conditions,  which  are  essential  for  successful  growthd71! 

Although  so  much  of  progress  has  been  achieved  in  the  growth  of 
berlinite  crystals,  our  knowledge  on  A1P04  is  still  comparable  to  that  of 
quartz  some  thirty  years  ago,  particularly  with  reference  to  solubility, 
reproducibility,  crystal  perfection,  phase  equilibria  data,  crystal  size,  etc. 

Today  it  is  possible  to  grow  more  than  500  kgs  of  dislocation-free 
high-purity  quartz  in  a single  experimental  run.  However,  in  the  case  of 
berlinite,  it  can  not  be  more  than  a few  hundred  grams.  The  major  problem 
is  the  highly  corrosive  phosphoric  acid  media  in  which  the  growth  takes 
place. 

5.3.1  Crystal  Chemical  Significance  of  the  Growth  of  A1P04 

Crystals 

Berlinite  is  isostructural  with  quartz,  Si(SiO)4,  and  the  artificial 
compound  AlAs04.  It  shows  the  same  thermal  inversion  as  Si02,[72] 
although,  at  slightly  lower  temperatures,  it  crystallizes  in  hexagonal  sys- 
tem— trigonal  trapezohedral  class-32.  Artificial  crystals  are  very  similar 
to  quartz  with  (1011)  (Oil  1)  and  (1011)  faces.  The  natural  crystals  are 
massive  and  granular.  As  mentioned  above,  berlinite  is  isostructural  with 
quartz  but  has  a doubled  c-parameter.  It  consists  of  alternating  A104  and 
P04  tetrahedra  linked  with  vertices.  Sosman|7-3l  has  reviewed  all  the  forms 
of  silica  reported  up  to  1960.  According  to  him,  there  are  twenty-three 
polymorphic  modifications  of  quartz,  and  eleven  of  them  are  the  basic 
ones.  Berlinite,  although  isostructural  and  isoelectronic  with  quartz,  shows 
only  six  polymorphic  modifications  analogous  to  six  major  varieties  of 
silica.  Figure  5.15  shows  six  polymorphic  modifications  of  berlinite 
analogous  to  six  polymorphic  modifications  of  quartz.  The  structure  of 
all  the  six  forms  of  berlinite  can  be  described  under  three  subgroups, 
i.e.,  quartz,  tridymite,  and  cristobalite  with  higher  and  lower  temperature 
forms. 
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The  growth  of  any  compound  does  not  depend  only  upon  the 
growth  techniques  and  growth  parameters  like  the  starting  materials,  flux 
agents,  mineralizer,  temperature,  pressure,  rate  of  heating  or  rate  of 
cooling,  but  also  upon  its  crystal  chemical  parameters.  A systematic 
study  of  the  synthesis  of  AB04  compounds  (A  = Al,  Fe,  Cr,  Co,  Ga,  B, 
Mn;  B = P,  As  and  V)  and  quartz  with  reference  to  their  crystal  chemical 
significance  yields  very  interesting  data  which  help  to  understand  the 
growth  technique  of  ABQ4  compounds.17411751 
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Figure  5.15.  Six  polymorphic  modifications  of  berlinite  analogs  to  six  polymor- 
phic modifications  of  quartz. 


5.3.2  Solubility  of  Berlinite 

Solubility  is  an  important  parameter  in  the  successful  growth  of 
any  compound  in  the  form  of  large  single  crystals.  The  lack  of  solubility 
data  is  responsible  for  the  earlier  failures  in  the  growth  of  A1P04  crystals. 
It  was  only  in  the  late  1970s  and  early  1980s  that  reports  on  the  solubility 
of  A1P04  appeared  in  the  literature.  The  problem  associated  with  the 
growth  of  large  single  crystals  of  A1P04  is  directly  related  to  the  lack  of  a 
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systematic  study  of  the  solubility  and  partly  to  the  P205  pressure. 
Although,  several  reports  have  appeared  on  the  solubility  measurements 
with  reference  to  various  parameters,  still  there  is  no  unanimity  in  the 
results.  The  solubility  of  berlinite  was  first  determined  by  Jahn  and  Kordes 
(1950)  in  orthophosphoric  acid  above  300°C  and  it  was  found  positive 
(Fig.  5. 16).l68l  Subsequently,  Stanley  (1954)  reported  a negative  solubility 
for  berlinite  in  6.1  M H3P04  (Fig.  5.17)469]  The  solubility  of  ALP04 
varies  widely  with  the  type  of  solvent  used.  Some  authors  claim  that 
solubility  of  A1P04  in  F1C1  is  similar  to  that  in  H3P04.  The  most 
important  difference  is  the  higher  solubility  at  comparable  mineralizer 
concentration. 

The  authors176!  have  made  an  attempt  to  study  the  solubility  of 
A1P04  in  some  new  solvents  like  FICOOF1,  NFI4C1,  Na9C03.  NFI4FI9P04, 
NaF,  KF,  LiF,  etc.  The  solubility  of  A1P04  (in  wt  %)  as  a function  of 
temperature  and  at  a pressure  of  2 kpsi  in  2M  F1COOFI  solution  is  shown 
in  Fig.  5.18. 

S 


Figure  5.16.  Solubility  of  berlinite  in  orthophosphoric  acid  above  3 00° C. 1681 
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Figure  5.17.  Negative  solubility  for  berlinite  in  6.1  M H,P04.[69] 


Figure  5.18.  Solubility  of  A1P04  (in  wt  %)  as  a function  of  temperature. 
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Recently,  it  has  been  shown  that  the  solubility  of  A1P04  in  H9S04 
is  retrograde  with  respect  to  temperature  and  higher  than  in  H3P04  and 
HC1  at  comparable  temperature,  pressure,  and  acid  molarity.  However,  the 
viscosity  of  sulphuric  and  phosphoric  acid  solutions  is  greater  than  that  of 
HC1.  Hence,  the  addition  of  HC1  to  H2S04  would  form  a more  efficient 
solvent  for  the  growth  of  A1P04.|7?I  Figure  5.19  shows  solubility  as  a 
function  of  temperature  in  H9S04  + HC1  mixtures.  The  authors  have  also 
carried  out  thermodynamic  interpretation  of  the  solubility  data.  The 
dissolution  of  berlinite  in  the  mixtures  of  acids  H9S04  and  HC1  is  a 
process  of  complex  formation  between  Al3+  and  the  ligands  present  in  the 
solution:  OH-,  H20,  Cl-,  HS04-,  SO-4,  H9PO-4.  At  low  temperature,  the 
complexes  are  similar  to  those  of  A1P04  in  HC1;  that  is  with  Al-Cl 
complexes  predominating.  Even  polynuclear  complexes  might  form  a 
broader  metastable  zone. 


Figure  5.19.  Solubility  as  a function  of  temperature  in  H2S04  + HCI  mixtures.!171 
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With  the  rise  in  temperature,  the  association  of  Cl"  with  H+ 
increases  the  yield  of  HC1  and  destabilizes  the  [Al3+]  complex.  Under 
these  circumstances,  sulphate  and  monohydrogen  phosphates  replace  chlo- 
ride ligands  and  force  a change  in  the  coordination  number  of  A1  from  six 
to  four  due  to  the  steric  effect.  Similarly,  H+  also  tends  to  destabilize  the 
complex  with  sulphate  and  becomes  H2PO"4  hegemonic  ligand  as  its 
association  constant  with  H+  does  not  vary  significantly  with  a rise  in 
temperature.  Finally,  the  nucleation  takes  place  by  polymerization  of 
tetrahedral  [Al3+]  complexes. 

Table  5.6  gives  comparative  data  of  solubility  of  A1P04  obtained 
for  various  mineralizers  under  varying  experimental  condition.  F6) 


Table  5.6.  Comparative  Data  of  Solubility 


Solvent 

T(°C) 

P (Kpsi) 

Time 

(days) 

Remarks 

3M  HCOOH 

1 

5 

— 

3.05M  NaOH 

10 

3 

Residue  not  A1P04 

2M  NH4C1 

1 

5 

High  solubility 

4.62M  Na3P04 

300 

10 

3 

Residue  not  A1P04 

2M  HCOOH 

300 

11 

5 

Good  solubility 

3M  Na2HP04 

300 

10 

5 

1 % solubility 

2.5M  NH4C1 

300 

1 

5 

Fairly  good  solubility 

3.05M  CH2COOH 

170 

10 

3 

Negligible  solubility 

2M  NaHC03 

300 

1 

5 

Fairly  good  solubility 

2M  NaCl 

300 

1 

5 

Negligible  solubility 

3.05M  NaCl 

170 

10 

3 

4 % solubility 

2M  NaF 

300 

1 

5 

Good  solubility 

2M  KF 

300 

1 

5 

Good  solubility 

2M  LiF 

300 

1 

5 

Good  solubility 

3.05M  NH4HF2 

300 

10 

5 

Residue  not  A1P04 

2M  NH4H,P04 

300 

1 

5 

Negligible  solubility 

2M  HC1 

300 

1 

5 

Good  solubility 

3.05M  NH4HF2 

170 

10 

5 

Residue  not  A1P04 

3.05M  HN03 

170 

10 

5 

Negligible  solubility 

3.05M  NaCl 

300 

10 

4 

Negligible  solubility 

1.0M  Na2C03 

300 

1 

5 

Negligible  solubility 
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5.3.3  Crystal  Growth 

Berlinite  could  be  best  grown  only  by  hydrothermal  technique. 
The  a-berlinite  is  stable  up  to  584°C,  and  below  150°C  the  hydrates  and 
A1P04.H20  are  stable.  Therefore,  the  growth  temperature  should  be  greater 
than  150°C  but  less  than  584°C.  However,  the  solubility  and  PVT 
studies  have  clearly  shown  that  crystal  growth  must  be  carried  out  at  less 
than  300°C  because  of  the  reverse  solubility.  Several  versions  of  the 
hydrothermal  growth  of  berlinite  single  crystals  have  been  tried  to  suit  the 
solubility. 

Nutrient  Preparation.  Berlinite  in  small  crystal  form  can  be 
obtained  by  hydrothermal  reactions  of  H3P04  with  different  chemicals 
containing  ahiminatc.|69ll78H80  Normally,  high  purity  alumina  is  used  as 
the  nutrient,  because  of  the  purity  of  the  grown  crystals.  The  crystalliza- 
tion reaction  is: 

A1203  + 2H3P04  ->  2A1P04  + 3H20 

These  fine  crystals  of  aluminum  orthophosphate  are  in  turn  used  as  the 
nutrient  to  grow  bigger  single  crystals  of  berlinite. 

The  temperature  coefficient  of  solubility  of  A1P04  is  negative  in 
the  temperature -pressure  range  below  300 °C.  Thus,  in  the  usual  hydro- 
thermal  temperature  gradient  where  the  bottom  of  the  autoclave  is  hotter 
than  the  top,  A1P04  would  be  expected  to  nucleate  preferably  in  the 
bottom  region,  so  one  would  like  to  place  the  seed  in  the  lower  hotter 
region  and  nutrient  in  the  upper  cooler  region. 

The  most  important  modifications  suggested  from  time  to  time  in 
the  growth  of  berlinite  crystals  are  as  follows: 

i.  Crystal  growth  by  slow  heating  method. 

ii.  Crystal  growth  by  composite  gradient  method. 

Hi.  Crystal  growth  by  temperature  gradient. 

iv.  Growth  on  seeds. 

Chai|791  suggested  the  following  nutrient  preparation  conditions 
for  large  (kgs)  quantities,  where  the  temperature  is  cycled: 
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Solvent  H3P04  (molar) 

% Fill 

A1P04  charge  (gm) 

Initial  temperature  (°C) 

Final  temperature  (°C) 
Differential  temperature,  dT  (°C) 
Pleating  rate  (°C)/day 
Method  of  heat  rate  increase 
Yield  (gm) 

> 60  mesh* 

< 0 mesh 
Total  yield 
Run  duration  (day) 

* 60  mesh  = 0.25  mm 


6.1 

81 

45  presaturation  at  25  °C 
150 
275 
1-2 
10 
10 

19.5  gm  (70  % yield) 
8.1  gm 
27.6  gm 
15 


Crystal  Growth  By  Slow  Heating  Method.  The  method  was 
previously  described  in  Refs.  76  and  81-85,  and  it  was  mainly  used  for 
improving  the  quality  of  seeds  and  to  enhance  the  size  of  the  crystal  with 
conditions  similar-  to  those  used  to  obtain  nucleations.  A major  drawback 
of  this  method  is  the  impossibility  of  obtaining  crystals  of  sufficient  size  in 
one  operation  due  to  the  limited  quantity  of  aluminum  phosphate  available 
in  the  solution. 

Synthesis  of  berlinite  crystals  under  lower  temperature  and  pres- 
sure conditions  using  slow  heating  method  was  carried  out  using  acid 
digestion  bombs  (T  = 100-250°C;  P = 100-300  atm)  and  smaller  Morey 
autoclaves  (T  = 200-250°C ;P  = 300-1000  atm).  The  nutrient  was  taken  in 
teflon  liners. 

The  experiments  at  higher  temperature  (T  > 500°C  and  P > 100 
bar's)  yielded  the  /3-berlinite.  With  an  increase  in  the  pressure,  other  high- 
pressure  modifications  of  aluminum  orthophosphate  belonging  to  the 
cristobalite  form  were  obtained. 

Crystal  Growth  By  Composite  Gradient  Method.  In  order  to 
gain  more  flexibility  in  adjusting  the  growth  rates  for  Z seeds  and  to  avoid 
the  preliminary  work  of  crystal  growth,  nutrients  of  sufficient  size  (that 
did  not  cause  crystallites  to  drop  on  crystals)  needed  to  be  obtained.  A 
modification  of  the  horizontal  gradient  method  was  originally  proposed  in 
Ref  87.  Recently,  berlinite  crystals  have  been  obtained  by  this  method 
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successfully. I87!  The  autoclave  used  in  the  initial  experiment  is  shown  in 
Fig.  5.20.  The  following  growth  conditions  were  chosen  by  the  au- 
thors|86||8?l  after  experimental  trials: 

• Silica  glass  autoclave:  100  cm,  diameter  30  mm 

• Ratio  hot/cold  zone:  x / I 

• Solution:  H3P04,  H20/A1P04  (6.5/1. 1) 

• Growth  temperature:  170°C 

• Florizontal  temperature  difference:  5 < T < 30°C 

• Construction  diameter:  10  mm 

• Powdered  nutrient 

• Filling:  80  % 

Growth  With  Reverse  Temperature  Gradient.  This  is  a more 
popular  and  widely  used  method  in  the  growth  of  berlinite  crystals.  Flere, 
the  nutrient  is  kept  in  a casket  at  the  upper  portion  of  the  autoclave,  which 
is  cooler.  The  nutrient  is  nothing  but  the  crystalline  powder  or  fine  grains 
of  A1P04  obtained  by  a slow  heating  method.  The  temperature  of  the 
bottom  of  the  liner  is  kept  at  slightly  higher  temperature  and  this  is  the 
zone  of  crystallization,  where  berlinite  can  be  crystallized  either  spontane- 
ously or  on  seeds. l88i 


Figure  5.20.  Autoclave  used  in  the  berlinite  synthesis. [76] 
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Crystal  Growth  On  Seeds.  Spontaneously  nucleated  seeds  and 
oriented  seeds  cut  from  grown  crystals  are  mounted  on  a platinum  frame 
which  is  placed  in  the  bottom  (hotter)  region  of  an  autoclave,  and  the 
nutrient  (~  60  mesh  particle  size  prepared  as  described  earlier)  is  placed 
above  in  a platinum  gasket  in  the  upper  region  (or  in  a teflon  gasket).  Thus, 
the  seeds  arc  in  the  warmer  supersaturated  region  at  the  bottom  of  the 
autoclave  and  the  temperature  gradient  achieved  by  cooling  the  top  al- 
lowed proper  convection.  The  schematic  diagram  showing  the  position  of 
seeds,  nutrient,  and  the  baffle  is  represented  in  Fig.  5.21. 


Figure  5.21.  Schematic  diagram  showing  the  position  of  seeds,  nutrient,  and  the 
baffle  in  the  growth  of  berlinite  crystals. 1781 
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In  the  growth  of  berlinite  on  seeds,  the  orientation  of  the  seed  is 
very  important  because  the  growth  rate  and  perfection  depend  upon  the 
seed  orientation.  According  to  Laudise  (1985),[78]  the  growth  rates  are 
shown  for  seeds  whose  faces  are  indicated  below: 

(0001)  (basal  plane)  ::  0.25-0.50  mm/day 

(1021)  (X  cut)  ::  0.23-0.30  mm/day 

(1010)  (7  cut)  ::  0.12-0.15  mm/day 

(0111)  (minor  rhombohedral  face)  : : 0. 12  mm/day 

(101 1)  (major  rhombohedral  face)  ::  0.15  mm/day 

The  relative  growth  rates  are  in  general  agreement  with  the  morphology  of 
the  equilibrium  form,  as  judged  from  observing  spontaneously  nucleated 
crystals,  which  are  bounded  by  small  prism  (1010)  faces  and  terminated 
by  minor  and  major  rhombohedral  faces.  Thus,  it  would  be  expected  that 
the  rates  on  prism,  major,  and  minor  faces,  are  smaller  than  for  ( 1 120)  and 
(0001)  faces,  since  the  latter  two  do  not  exist  as  bounding  equilibrium 
surfaces.  In  general,  the  morphology  of  the  spontaneously  nucleated 
crystals  depends  upon  various  parameters  like  pressure,  temperature, 
volume,  and  composition  of  the  nutrient  and  mineralizer.  189H911  For 
example,  impurities  in  the  powder  come  into  the  corresponding  nutrient 
and  caused  twinning.  The  starting  material  like  sodium  aluminate  or 
aluminum  hydroxide  gives  needle-like  crystals,  whereas,  pure  A1P04 
gives  rhombohedral  and  pyramidal  crystals. [76] 

Yaroslavskii  and  Popolitov  (1990)  have  studied  the  growth  of 
berlinite  on  seeds  in  detail  using  fine  crystalline  charge  and  also 
aluminophosphate  glass  charge  as  nutrients. [92]  They  found  that  dissolu- 
tion rate  of  aluminophosphate  glass  charge  is  three  times  greater  than  that 
of  the  crystalline  charge.  The  solubility  growth  rate  and  crystal  quality 
have  been  studied  in  great  detail  using  different  solvents  like  H3P04.  HC1, 
HN03,  H9SO4.  If  the  acid  concentrations  are  increased  above  2.5M,  the 
spontaneous  crystals  form,  and  mother  liquor  is  captured  by  the  edges  of 
the  growing  crystal.  The  growth  rates  differ  greatly  between  the  fine  crystal- 
lization charge  and  aluminophosphate  charge.  The  temperature  gradient 
has  been  varied  from  5-50°C.  When  the  AT  is  high  (40-50°C),  it  intro- 
duces macro  inclusions  and  gas-liquid  inclusions,  and  are  clearly  visible 
upon  passing  bright  light  through  the  crystal.  The  growth  rates  ob- 
served by  the  authors  are  rather  high  at  0.35-0.50  mm/day  in  H3P04, 
0.35-0.45nm/  day  in  HC1. 0.25-0.35  mm/day  in  HN03,  and  0.2-0.3  mm/day 


236  Handbook  of  Hydrothermal  Technology 


in  HiS04  solvent  media.  The  growth  rate  of  a-berlinite  on  [1010]  and 
[0001]  seed  plates  against  the  solvent  concentration,  growth  temperature 
and  temperature  gradient  are  shown  in  Figs.  5.22  a,  b , and  c.  The  growth 
rate  from  aluminophosphate  glass  is  1.5-2  times  greater  than  that  from 
fine  crystalline  charge  under  the  same  conditions  for  mild  process  param- 
eters. 

5.3.4  Morphology 

Although  A1P04  crystals  obtained  spontaneously  are  small  in 
size,  they  exhibit  distinct  morphological  features.  The  crystal  size  varies 
from  0.5  to  4 mm  and  the  common  forms  are  hexagonal,  rhombohedral, 
rod  shaped,  needle-like,  and  occasionally  rounded.  The  morphological 
forms  of  A1P04  mainly  depend  upon  the  nutrient  composition  and  the 
solvent  in  action.  Data  on  the  dependency  of  the  morphological  fea- 
tures, and  the  nutrient  composition,  as  well  as  the  solvent  used  are  given  in 
Table  5.7. 

A typical  morphology  of  A1P04  is  shown  in  the  schematic  dia- 
gram (Fig.  5.23)  consisting  of  major  and  minor  rhombohedral  faces. 
Figures  5.24  a and  b show  the  characteristic  photographs  of  the  berlinite 
crystals. 


(a) 

Figure  5.22.  Solution  concentration,  growth  temperature,  and  temperature  gradi- 
ent vs.  growth  rate  (a )-(<:) 492J 
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W 


V{Ud) 


Figure  5.22.  ( Cont’d .) 
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Table  5.7.  Morphology  of  Aluminum  Orthophosphate  Crystals 


Nutrient  composition 

Morphology 

A1203  + H;P04 
mineralizer  HC1  ( 1 .5M) 

280 

Hexagonal  and  rhombohedral 

ai2o3  + h3po4 

mineralizer  NaCl  (2M) 

300 

Rhombohedral 

A12(0H)3  + H3P04 
mineralizer  NaF  (2.5M) 

300 

Rods,  needles  or  acicular 

ai2o3  + h,po4 

300 

Small  hexagonal,  rhombohedral 

mineralizer  NH4C1  (4M) 

and  equil-dimensional 

ai2o3  + h3po4 

mineralizer  HCOOH  (2M) 

280 

Hexagonal  and  rhombohedral 

ai2o3  + h3po4 

300 

Hexagonal,  rhombohedral 

mineralizer  NaHC03  (3M) 

and  slightly  irregular 

A1C13  + h3po4 
mineralizer  HC1  (2M) 

270 

Hexagonal 
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It  is  observed  that  these  admixtures  play  an  important  role  in  the 
process  of  crystallization  of  A1P04.  In  the  actual  experiments  without  any 
admixtures,  well-developed  rhombohedral  and  hexagonal  crystals  have 
been  obtained,  but  with  the  addition  of  various  admixtures  the  crystal 
changes  to  fibrous,  rod  shaped,  acicular,  massive,  equi-dimensional  and 
irregular  shapes  (Figs.  5.24  c,  d).  In  the  case  of  Zr  and  Ti  as  the  admix- 
tures, fibrous  or  acicular  crystals  of  berlinite  have  been  obtained;  such 
results  were  earlier  obtained  only  in  experiments  containing  Al(OH)3  as 
the  starting  component.!76!!91! 


(b) 

Figure  5.24.  Characteristic  photographs  of  the  berlinite  crystals  (a-d).!76!!83! 
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Figure.  5.24.  (Cont’d.) 
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Growth  defects  in  synthetic  berlinite  samples  have  been  studied 
by  several  workers  through  x-ray  topography. [89k93!  The  berlinite  crystals, 
in  general,  show  internal  structural  defects  along  with  a high  density  of 
defects  on  x-ray  Lang  topography.  It  can  be  seen  that  crystals  which 
appear  transparent  from  outside  contain  many  internal  defects.  Figure 
5.25  shows  a typical  Lang  x-ray  topograph  taken  in  (21 10)  faced83]  Line 
defects  were  attributed  to  the  disorder  in  crystal  structure  and  more  likely 
to  the  impurities  existing  in  the  boundary  of  repetitive  overgrowth.  How- 
ever, it  is  possible  to  distinguish  various  types  of  contrasts  that  differ  by 
their  temperature  behavior.  Dislocation-related  contrasts  vary  slightly 
with  temperature,  but  they  appear  more  strongly,  especially  after  the 
second  thermal  cycle.  The  variation  of  contrast  present  in  the  topography 
for  the  growth  bands  can  be  interpreted  in  terms  of  localized  variations  of 
the  deformation  in  the  sample  with  temperature.  These  variations  appear 
in  the  same  temperature  range  as  the  anomalies  observed  in  propagation 
loss,  frequency,  and  temperature  characteristics.  These  anomalies  have 
been  attributed  to  water  impurities  in  these  hydrothermally  grown  crys- 
talsd94][95]  This  explanation  is  qualitatively  valid  and  in  good  agreement 
with  the  changes  of  the  deformation  contrast  observed  during  the  thermal 
cycles.  The  contrast  due  to  the  water  impurity  content  is  observed  in 
selected  areas  and  is  predominantly  located  at  growth  bands  that  corre- 
spond to  the  adsorption  of  water  on  some  growing  faces  during  the  cycle. 


Figure  5.25.  Lang  x-ray  topograph  taken  in  (2110)  faced83! 
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A combination  of  selected  growth  conditions  reducing  the  water 
content  and  using  heat  treatment  to  control  the  water  distribution  could  be 
of  great  interest  for  improving  the  piezoelectric  device  application  of 
berlinite.  The  choice  of  the  seed  is  fundamental  for  the  production  of  good 
crystal  and  a selection  of  excellent  slices  for  this  use  is  absolutely  neces- 
sary when  this  condition  is  fulfilled.  The  x-ray  topographs  obtained  on 
different  crystals  have  shown  that  the  quality  was  improved  but  the 
remaining  defects  could  be  classified  into  two  classes.  This  is  due  to  the 
defects  present  in  the  seed  which  have  been  developed  in  the  grown 
crystals  (dislocations  and  sometimes  twins)  and  those  which  were  carried 
during  the  start  of  the  growth  (bundles  of  dislocations)  or  during  the 
growth  (growth  bands). 

No  fundamental  differences  were  found  by  x-ray  topography 
between  the  horizontal  gradient,  vertical  gradient,  and  slow  heating  meth- 
ods, when  good  seeds  and  optimized  conditions  were  usedJ921  The  two 
principal  imperfections  readily  observable  are  crevice  flawing  and  cracks. 
When  growth  is  on  a non-equilibrium  face,  there  is  a tendency  for  higher 
growth  rates  and  the  formation  of  hillocks  which  tend  to  protrude  across 
the  solute-depleted  diffusion  layer  near  the  growing  face.  The  tips  of  such 
hillocks  experience  a high  supersaturation  and  tend  to  grow  faster  than  the 
regions  between  hillocks.  This  phenomenon  is  the  hydrothermal  analogue 
of  constitutional  surpercooling  and  may  be  viewed  as  a kind  of  dendritic 
growth.19611971  Entrapment  of  solution  between  hillocks  leads  to  bubbles  of 
solutions  in  the  grown  material,  which  are  observed  as  viels.  Thus,  growth 
at  slower  rates  and  on  equilibrium  faces  produces  a greatly  reduced 
tendency  for  crevice  flawing. 

Cracks  are  often  observed  in  hydrothermally  grown  material.  In 
the  case  of  quartz|25||9xl  we  found  that  they  were  associated  with  strain 
caused  either  by  strain  in  the  seed  propagating  into  the  grown  crystal  or  by 
strain  associated  with  dislocations  arising  at  inclusions  in  the  new  growth. 
It  was  further  observed  in  quartz  that  disorder  regions  in  seeds  propagated 
into  crystals  and  strain  free  seeds  were  much  less  likely  to  produce 
cracked  growth. 

At  an  annealing  temperature  which  is  high  enough,  berlinite 
becomes  milky,  and  in  TEM  pictures  one  observes  a large  density  of 
bubbles  with  a mean  size  of  about  1000  A;  while  in  untreated,  as-grown 
berlinite  no  such  bubbles  are  visible.  Further  more,  the  growth  of  these 
bubbles  is  accompanied  by  a severe  increase  in  the  dislocation  density 
of  the  order  of  105  cm-2  or  less,  but  in  the  heat  treated  crystals  this  density 
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reaches  109  cm'2.  An  increase  of  at  least  six  orders  of  magnitude  is 
produced,  like  for  wet  quartz,  which  exhibits  the  same  dramatic  disloca- 
tion multiplication.  This  situation  can  be  observed  in  berlinite,  where 
bubbles  with  a mean  diameter  of  250  A can  be  observed  together  with  a 
very  high  density  of  dislocation. i94l  198]  Recently,  Morris  and  Chai  (1998) 
have  studied  the  imperfect  low-angle  boundaries  and  fracture  in  hydro- 
thermally  grown  berlinite  crystals  obtained  on  multiple-seed  plate  ar- 
rays.1"1 

5.3.5  Thermal  Behavior 

The  stability  range  of  any  material  with  a device  potential  is  an 
important  parameter.  Byrappa  et  al.  (1986)  have  reported  the  differential 
thermal  analysis  for  containing  various  admixtures  (Fig.  5.26).F0°]  For 
pure  berlinite,  the  inversion  temperature  was  reported  to  be  at  586°C  and 
this  is  similar  to  that  reported  by  Beck  (1949).[721  Flowever,  there  are 
reports  fixing  this  transition  temperature  at  58  PC1 101 ! and  at  579°C.11021 
Such  a variation  in  the  a-/3  inversion  temperature  can  be  explained  by  the 
effect  of  the  starting  materials,  the  presence  of  admixtures  in  the  final 
products,  and  even  the  metals  from  the  mineralizers  which  also  act  as 
admixtures. 


430  500  550  600  650 

r<°c> 

Figure  5.26.  Thermal  behavior  of  A 1 P04J1001 
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Studies  on  the  thermal  expansion  of  berlinite  have  not  been 
reported  much  in  the  literature.  Byrappa  and  Prahallad  (1989)  have  re- 
ported the  thermal  expansion  of  berlinite  in  detail.1 1031  The  thermal  expan- 
sion values  vary  depending  upon  the  percentage  of  concentration  of 
impurities  in  the  crystal. 

The  values  of  thermal  expansion  for  a-berlinite  containing  vari- 
ous admixtures  are  given  in  Table  5.8.  and  the  values  are,  in  general, 
very  low  for  these  materials  because  of  the  covalent  bonding.  Alpha- 
berlinite  is  relatively  stable  compared  to  /3 -berlinite  with  reference  to 
the  action  of  the  dopants.  The  difference  in  aa  (max)  - aa  (min)  = 0.39 
x 10-5  and  ac  (max)  - ac  (min)  = 1.572  x 10-5  C1,  which  shows  that  the  c- 
axis  is  more  susceptible  to  thermal  expansion  than  the  u-axis.  The  coeffi- 
cient of  thermal  expansion  is  quite  high  when  rare  earths  are  used  as 
admixtures. 


Table  5.8.  Thermal  Expansion  of  a-Berlinite  Containing  Admixtures1403! 


Admixture 

Ionic 

radii 

Atomic 

weight 

a 

c 

V 







1.63  x 10"5 

1.068  x 10"5 

4.38  x lO'5 

Sr 

0.63 

51.996 

1.90  x 10  s 

1.89  x lO  5 

5.77  x 10-5 

Fe 

0.64 

55.847 

1.98  x 10  s 

1.13  x 10'5 

5.16  x lO  5 

Cu 

0.72 

63.546 

1.76  x 10  s 

1.81  x 105 

5.39  x lO  5 

Nd 

0.99 

144.  24 

2.02  x 10  s 

2.64  x 10'5 

6.78  x lO  5 

Fa 

1.016 

138.905 

1.75  x lO"5 

2.64  x 10'5 

6.22  x lO  5 

- concentration  of  the  admixture  in  the  nutrient  was  1.5  wt  % 


5.3.6  Piezoelectric  Properties  of  Berlinite 

The  piezoelectric  properties  of  berlinite  have  been  studied  in  detail 
by  several  authors.  Chang  and  Barsch  (1976), 1631  and  Ballato  and  Iafrate 
(1976)[104j  pointed  out  attractive  properties  of  Y rotated  and  doubly  rotated 
cuts  of  berlinite  in  terns  of  its  large  coupling  coefficient  (twice  that  of  quartz), 
with  a constraint  of  zero  first  order  frequency  temperature  coefficient 
(FTC).  Several  groups  appeared  throughout  the  world  immediately  to 
study  the  growth  and  characterization  (with  reference  to  its  first,  second 
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and  third  order  frequency  temperature  coefficient)  of  berlinite.  Figure  5.27 
shows  the  comparison  of  7 quartz  and  7 berlinite  resonators.  It  can  be  noticed 
that  the  Q factor  is  greater  by  an  order  of  magnitude  than  for  resonators.  In 
Fig.  5.27,  also  given  the  frequency  response  of  the  7 quartz  plate  of  similar 
design  whose  Q factor  is  not  so  different  and  whose  coupling  coefficient  is 
smaller.  The  higher  order  temperature  coefficients  measured  with  different 
crystals,  even  with  different  plates  of  the  same  crystal,  show  values  much 
larger  than  for  quartz  resonators  of  the  corresponding  orientation.  Table  5.9 
gives  the  comparison  between  quartz  and  berlinite.  However,  it  has  been 
demonstrated  that  the  water  dissolved  in  berlinite  crystal  induces  low  values 
of  two  factors  and  impairs  significantly  the  intrinsically  very  favorable 
thermal  behavior  of  this  material. 


Mr!!)) 


Figure  5.27.  Frequency  response  of  the  Y quartz  plate.163' 
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Table  5.9.  Tentative  Comparison  with  Quartz  (Thickness  Y Rotated 
Resonators  at  same  Frequency) 


Useful  coupling  coefficient 
(AT  filter  trapped  resonators) 

Enhanced  by  1.4  - 1.5 

Shift  of  oscillators  or  band  width  of  filters 
(AT  cut) 

Twice 

Angular  sensitivity 
(1st  order  FTC) 

Reduced 

Thermal  stability 
(higher  order  FTC) 

Better 

Q factor  propogation  losses 

Already  sufficient 
(may  be  comparable) 

Thickness  of  plates 
(AT) 

Reduced  by  1.15 

Electrode  dimensions 

Reduced  by  1.32 

(AT) 

(TT) 

(Same  plating  2D  TT  of  TS) 

Reduced  by  1.24 
(TS) 

Nonlinear  properties 

To  be  determined 

“Dry”  berlinite  has  similar  C,  E,  EPS  constants,  first  order  TC  and  much  reduced 
higher  order  TC. 


Junras  et  al.  (1987)  gave  an  excellent  comparison  of  piezoelectric 
properties  of  A1P04  to  quartz.192  According  to  them,  the  coupling  coeffi- 
cients measured  with  AT  resonators  with  filter  type  response  were  about 
11%.  For  quartz,  the  maximum  values  were  7.4%,  and  this  permits  one  to 
obtain  filters  with  twice  the  bandwidth.  The  electric  constant  of  berlinite  is 
lower  by  a factor  of  1.2  to  1.35  than  the  corresponding  constant  of  quartz, 
but  the  density  is  very  similar.  The  frequency  constants  Nfa  and  Nfr 
(Nfa  = 4 hx;  Nfr  = 4hxfr,  where  2h  is  the  thickness  of  the  plate)  arc  lower 
than  those  for  the  corresponding  orientation  of  quartz  by  a factor  1 . 1 to 
1.7;  for  the  AT  cuts  the  factor  is  1.15. 
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The  first,  second,  third,  etc.,  order  frequency  temperature  coeffi- 
cients of  berlinite  are  mostly  dependent  on  the  temperature  coefficient 
(TC)  of  the  pertinent  elastic  constants  and  the  dilation  coefficient.!105]  As 
the  latter  are  similar  to  those  of  quartz, [63]  most  of  the  better  thermal 
behavior  observed  with  “dry”  berlinite,  as  compared  to  quartz,  results 
from  smaller  values  of  the  TC  of  elastic  constants.  For  some  other 
constants,  similar  things  may  also  be  expected.  In  Fig.  5.27,  the  results  of 
Poignant  are  given,  indicating  a similar  behavior  of  the  TC  of  C33  for 
quartz  and  berlinite. |XT  It  is  also  expected  that  for  other  analogues  of 
quartz  with  similar  (X-fi  phase  transition  and  reduced  elastic  constants, 
similar  or  better  thermal  behavior  of  resonators  could  be  obtained. 

This  point  is  of  great  importance  for  frequency  generation  and 
filtering  applications  of  resonators,  for  which  it  is  fundamental  to  obtain  a 
frequency  response  free  of  unwanted  (unharmonic)  modes.  For  identical 
cut,  resonant  frequency,  and  plating,  it  can  be  shown  that  smaller  dimen- 
sions of  electrodes  are  required  for  berlinite  than  for  quartz  to  obtain  a 
frequency  response  without  spurious  unharmonic  modes  (trapping  of  only 
one  mode). 

Shannon  and  his  group  (1993)  have  studied  in  detail  the  dielectric 
properties  of  berlinite  with  reference  to  the  presence  of  (OH)-.!106!!107]  It 
has  been  well  established  that  water  in  berlinite  is  found  in  both 
macroscopic  and  microscopic  inclusions.  Because  crystals  are  grown 
from  H3P04  or  FI3PO4/FICI  solutions,  it  is  likely  that  the  inclusions  also 
contain  this  acidic  solution  and  consequently,  high  concentrations  of 
FFP04,  F1P04  and  /or  CF  ions.  Quantitative  NMR  determination  of  proton 
content  unequivocally  determines  the  H20  and  hydroxyl  content,  whereas 
complementary  IR  absorbency  studies  of  the  3300  cm-1  band  confirm  the 
molar  absoiption  coefficient  of  81  lmol1  cm1  originally  determined  for 
liquid  F120  by  Thompson  (1965). [108]  The  dielectric  constant  variability  of 
berlinite  prepared  by  different  investigators  is  believed  to  result  from  (i)  a 
variation  in  FFO  content  in  microscopic  and  macroscopic  inclusions  and 
(ii)  unidentified  crystalline  defects. 


5.4  GALLIUM  PHOSPHATE,  GaP04 

Gallium  phosphate,  like  aluminum  phosphate,  belongs  to  the 
family  of  quartz  and  quartz-like  MX04,  where  M = B,  Al,  Ga,  Fe,  Mn, 
and  X = P,  AsJ109]  Amongst  them,  A1P04  and  GaP04  have  been  studied 
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extensively  with  reference  to  their  crystal  growth,  crystal  chemistry,  and 
physical  properties,  especially  piezoelectric  properties. [75][ii0]-[ii4]  Both 
A1P04  and  GaP04  exhibit  piezoelectric  characteristics  which  are  supe- 
rior to  those  of  conventional  a-quartz.  As  evident  from  Table  5.10,  for 
the  same  AT  cut,  GaP04  exhibits  larger  coupling  coefficient  which  makes 
GaP04  a most  promising  material  in  the  field  of  wide  band  filters.  In 
addition  to  this,  the  a- /3  phase  transition  for  GaP04 occurs  at  976°C,  and 
hence,  it  can  be  used  in  a very  wide  range  of  temperatures  for  filters  and 
sensor  devices. [117H118] 

Table  5.10.  Comparison  of  Some  Piezoelectric  Characteristics [109] 


Parameter 

Quartz 

Aluminum 

Phosphate 

(Berlinite) 

Gallium 

Phosphate 

Coupling  coefficient* 
K% 

8.5 

11.0 

> 16.0 

Surtension  coefficient* 

Q 

3.106 

106 

> 5.104 

a - j5  Phase 
transition  °C 

573 

584 

No 

* AT  cut 


5.4.1  Crystal  Growth  of  Gallium  Phosphate 

The  synthesis  of  gallium  orthophosphate  does  not  differ  much 
from  the  synthesis  of  berlinite.  It  is  usually  earned  out  by  the  hydrother- 
mal technique  at  temperatures  less  than  250°C.  On  the  whole,  the 
growth  of  aluminum  and  gallium  phosphates  is  earned  out  using  reverse 
temperature  gradient,  or  slow  temperature,  increasing  essentially  in  the 
acid  media  like  H3P04,Oi9]  H2S04,  HC1  + H2S04,  H3P04  + 
H2S04,[113][117][118]  HC1,[117][120]  KF,  NaOHd120!  The  starting  material/ 
nutrient  for  GaP04  growth  is  prepared  usually  by  solid  state  reactions  with 
Ga003  and  NH4H0P04,  twice  at  1000°C  for  24  hours  and  subsequently 
hydrothermally  treated  at  150°C  for  30  hours  in  4M  H3P04  solution.  The 
resultant  product  is  generally  a single  phase  of  GaP04.  Like  berlinite,  the 
gallium  phosphate  also  shows  a retrograde  solubility  in  all  the  solvents 


Hydrothermal  Growth  of  Crystals  249 


below  400°C,  and  above  this  temperature,  the  solubility  becomes  posi- 
tjve.l 1 l(|ll 1 1 4 1 1 1 2()  I Hence,  the  nutrient  is  kept  at  the  low-temperature  zone 
(i.e.,  dissolution  region),  and  the  seed  crystal  is  kept  at  higher  temperature 
zone  (i.e., crystallization  region).  The  temperature  gradient  (5  to  40°C)  is 
selected  according  to  the  quality  and  the  growth  rate  required.  Figure  5.28 
shows  the  schematic  representation  of  the  growth  of  berlinite  crystals  and 
the  same  experimental  setup  can  be  used  for  the  growth  of  gallium 
orthophosphate  crystals.  The  growth  of  gallium  orthophosphate  can  be 
carried  out  at  180°C  for  seven  to  ten  days.  By  this  arrangement,  it  was 
expected  that  the  dissolved  nutrient  would  be  efficiently  used  to  grow 
single  crystals  on  the  seed  without  the  occurrence  of  spontaneous  nucle- 
ation.  As  the  lattice  parameters  of  both  berlinite  and  gallium  phosphate 
are  very  close,  some  authors  have  used  even  berlinite  crystals  with  a 
definite  orientation/cut  as  seeds,  and  obtained  GaP04  epitaxy  on  A1P04 
seeds  using  6M  H2S04  solvent,  at  a temperature  greater  than  200°C.[117] 
The  experimental  temperature  is  critical  in  the  case  of  gallium  phosphate 
because  the  crystals  obtained  at  a temperature  less  than  200°C  show  the 
presence  of  water,  which  deteriorates  the  piezoelectric  characteristics. 
Hence,  it  is  advisable  to  use  acid  mineralizers  with  a boiling  temperature 
of  225-240°C.  Practically,  there  is  no  water  in  such  a solvent,  and  it 
consists  of  orthophosphoric  acid  (90%)  and  pyro-phosphoric  acid  (10%). 
The  solubility  is  presaturated  with  GaP04  to  avoid  the  dissolution  of  the 
seeds.  To  keep  the  solution  from  boiling  during  the  crystal  growth,  inert  gas 
is  pumped  into  an  autoclave  up  to  50  bars.11 21 1 

Cochez  et  al.  (1994)  have  proposed  the  following  scheme  for  the 
growth  of  a-GaP04  as  the  best  method:1 1 171 


Thin  epitaxy  of  GaP04  on  berlinte 
seeds  by  VTG  in  6MH2S04, 
Tr  > 200°C 

4 

Flat  crystals 

i 

Crystal  growth  by  SHT  and  composite  gradient 
Methods  in  15M  H3P04,  150  <TC<  180°  C 


Cut  in  X seeds 

i 

Crystal  growth  of  X GaP04  seeds  by  VTG 
in  6M  H2S04,  Tc  > 200°  C 

Crystals  with  low  (OH)  content 
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Figure  5.28.  Schematic  representation  of  the  growth  of  berlinite  crystals. t119! 


The  first  stage  of  GaP04  crystal  growth  process  is  the  epitaxy  of 
GaP04  on  berlinite  seeds.  The  second  stage  consists  of  growing  2-d 
crystals  through  the  slow  heating  method,  or  the  horizontal  gradient 
method,  or  the  composite  method  (i.e.,  the  combination  of  the  first  two).  In 
the  third  stage,  the  X seeds  are  grown  which  helps  in  reducing  the  (OH)' 
content  in  the  crystals. 

Popolitov  and  Yaroslavskii  (1990)  have  studied  the  crystalliza- 
tion processes  of  «-GaP04  under  hydrothermal  conditions. 11201  They  have 
studied  the  rate  of  crystallization,  (i.e.,  the  amount  of  GaP04  crystals 
formed  per  unit  time),  action  of  solvent,  its  concentration  and  the  tempera- 
ture regime.  Gallium  phosphate  glass  (prepared  by  sol-gel  method)  has 
been  used  as  the  nutrient  with  Ga:P  ratio  = 1:  1.5.  The  experiments  were 
carried  out  in  the  temperature  range  200-300°C,  P - 20-35  MPa  using 
teflon  liners,  with  a temperature  gradient  of  4-5 °C.  The  yield  of  GaP04 
single  crystals  as  a function  of  growth  temperature  and  concentration  of 
different  solvents  used  is  shown  in  Figs.  5.29  and  5.30.  All  the  curves 
shown  in  Figs.  5.29  and  5.30  are  described  by  a simple  exponential 
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equation:  M = KC'\  where  K is  the  rate  of  bulk  crystallization,  C is  the 
solvent  concentration,  and  n is  the  formal  order  of  bulk  crystallization. 
Table  5.11  gives  the  values  of  K,  C,  and  n for  aqueous  HC1,  HN03,  KF, 
and  NaOFl  at  200,  250,  and  300°C. 


Figure  5.29.  Yield  of  GaP04  single  crystals  as  a function  of  growth  temperature 
and  concentration  of  different  solvents. t12°l 


Figure  5.30.  Yield  of  GaP04  single  crystals  as  a function  of  timeJ1201 
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Table  5.11.  Crystallization  Kinetics  for  GaP04 


Solvent 

HC1 

HNO 

3 

KF 

NaOH 

u 

o 

h-H 

200 

250 

300 

200 

250 

300 

200 

250  300 

200  250 

300 

K 

0.22  0.48 

0.76 

0.11 

0.28 

0.41 

0.09 

0.14  0.26 

0.04  0.05 

0.15 

n 

0.61 

0.58 

0.57 

0.58  0.50 

0.47 

0.20  0.22  0.18 

0.30  0.28 

0.27 

Also,  the  authors1 1201  have  calculated  the  activation  energy  for  the 
formation  of  GaP04  single  crystals  from  the  Arrhenius  equation.  Simi- 
larly, the  solubility  of  a-GaP04  has  been  studied  by  several  workers 
within  a wide  range  of  PT  conditions  (T  = 200-500°C,  P = 50-1000 
atm). 11  l21[l  l4l' l7H  122l  Figure  5.31  shows  the  solubility  of  GaP04  in  the 
phospho-sulphuric  acid  solution  15M  H3P04+  9M  H2S04  in  terms  of  % in 
H2S04.  There  is  an  increase  in  the  solubility  with  a progressive  enrich- 
ment in  H2S04  in  the  solvent.  However,  it  always  remains  lower  than  in 
pure  H2S04.  The  solubility  remains  retrograde  in  all  the  studies  up  to 
400°C. 


solubil  ity(mol.r  1 } 


Figure  5.31.  Solubility  of  GaP04  in  the  phospho-sulphuric  acid  solution  15M 
H ;P04  + 9M  H2S04.l 1 141  (Courtesy  of  the  Gauthier-Villars/ESME,  Paris.) 
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5.4.2  Morphology 

The  morphology  of  the  GaP04  single  crystals  is  shown  in 
Fig.  5.32.i120]  The  commonly  appearing  faces  are  [101 1],  [01 1 1],  [1010], 
[1012].  Figure  5.33  shows  the  characteristic  photographs  of  GaP04  crys- 
tals obtained  by  hydrothermal  method.  The  growth  rates  along  various 
crystallographic  directions  decrease  in  the  following  sequence: 

y(0001)  » y(0lT2)  > 7(1010)  > 7(0111)  > 7(1012)  > 7(1011) 


Figure  5.33.  Characteristic  photographs  of  GaP04  crystals  obtained  by  the 
hydrothermal  method. [121^ 
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The  common  twins  observed  in  GaP04  are  according  to  the 
Dauphine,  Brazil  and  Lay  dolt’s  twinning  laws.  This  has  been  discussed  in 
great  detail  in  Ref.  121.  The  x-ray  topographic  studies  on  GaP04  have 
been  earned  out  by  Capelle  et  al.1 1 IXi 

5.4.3  Dielectric  Properties  of  Gallium  Phosphate 

The  influence  of  the  growth  rate  on  the  quality  of  the  GaP04 
crystals  has  been  studied  through  infrared  spectrometry  by  Cochez  et  al. 
(1993). 11141  As  conventionally  done  for  quartz  and  berlinite,  the  (OH)- 
impurity  content  was  monitored  by  infrared  measurements  in  the  wave 
number  range  of  4000  to  2500  cm1,  using  the  relation: 

«=  V m log  cr3800/r3167) 

where  T3800  and  T3167  are  respectively  the  transmittances  at  3800  and  3167 
cnr1  respectively.  The  strongest  absoiption  band  of  Al-OH  for  berlinite 
appears  at  3291  cnr1  and  it  is  shifted  to  3167  cnr1  for  Ga-OH  in  case  of 
GaP04  (Fig.  5.34).  The  a values  obtained  by  the  authors  are  1.6  and  2.2 
for  two  of  their  characteristic  GaP04  samples.  It  can  be  observed  that  the 
(OF!)- content  increases  with  the  temperature  gradient. 


Figure  5.34.  FT-1R  spectra  of  (a)  A1P04  (wet)  and  (b)  as-grown  single  crystals 
of  GaP04.11141  (Courtesy  of  the  Gauthier-Villars/ESME,  Paris.) 
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The  dielectric  properties  have  been  studied  in  detail  by  Hirano  et 
al.  (1990)  for  GaP04  crystals.  t75l  According  to  the  authors,  the  frequency 
independence  of  e ' at  room  temperature  in  this  crystal  indicates  that 
mainly  electronic  ionic  polarizations  contribute  to  the  dielectric  constant 
of  GaP04.  These  two  polarizations  always  exist  below  10 13  Hz. 

Figure  5.35  shows  the  extrapolation  of  possible  piezoelectric 
properties  to  other  quartz-like  materials.  0°9]  Table  5. 12  gives  the  extrapo- 
lation of  AT  cut  characterizations  from  well-known  quartz  and  quartz-like 
materials. 


Figure  5.35.  Extrapolation  of  possible  piezoelectric  properties  to  other  quartz- 
like materials. 11091  ( Courtesy  of  the  Academic  Press,  Orlando,  Florida.) 


Table  5.12.  Extrapolation  of  AT  Cut  Characteristic  from  Well-known 
Quartz  and  Quartz-like  Materials 


Material 

Si02 

aipo4 

FeP04 

AlAs04 

GaP04 

Ge02  GaAs04 

AT  cut  angle 

-35.25 

-33.02 

= -20 

= -15 

= -15 

= 0 

= 0 

(°) 

coupling 

8.5 

11.0 

= 15 

= 18 

= 18 

= 25 

= 25 

coefficient 

k(%) 

c/a 

2.20 

2.22 

2.23 

2.23 

2.26 

2.27 

2.28 
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Cochez  et  al.  (1994)  have  well-studied  and  extrapolated  the  rela- 
tions that  exist  between  the  crystal  structure  distortions,  expressed  in 
terms  of  the  M-O-X  angle  (where  M = B,  Al,  Ga,  Fe,  Mn,  and  X = P,  As) 
value  and  different  physical  properties.1 1 171  For  instance,  piezoelectric 
characteristics  of  the  AT  cut  and  dielectric  constant  anisotropy  of  three 
known  materials  (Si02,  A1P04,  and  GaP04)  have  been  linearly  related  to 
their  M-O-X  angle  value  successfully.  Conversely,  knowledge  of  the  M- 
O-X  value  allows  prediction  of  physical  properties  for  quartz-like  crystals 
that  have  not  been  synthesized.  Consequently,  using  only  M-O-X  angles, 
one  can  describe  the  structural  strains,  the  a-f  transition  existence,  and 
some  physical  properties,  such  as  density,  piezoelectric  characteristics, 
and  elastic  constants. 

Based  on  this  reasoning,  GaAs04  and  GeO,  appear  to  be  the  most 
promising  materials  for  piezoelectric  applications,  unfortunately,  the  con- 
comitant increase  in  structural  distortions  from  quartz  to  GaAs04  and 
GeO-,  make  their  crystal  growth  very  difficult.  Thus,  from  the  crystal 
growth  point  of  view,  GaP04  seems  to  be  the  best  compromise  for 
industrial  development  because  of  its  high  AT  cut  coupling  coefficient 
and  large  temperature  range  stability  with  a few  drastic  packing  distor- 
tions. If  the  size  of  the  GaP04  crystals  grown  by  the  hydrothermal  tech- 
nique is  increased  at  least  by  one  fourth  the  value  of  the  quartz,  then 
GaP04  would  be  the  best  piezoelectric  material  of  the  20th  century  and 
probably  of  the  early  21st  century  as  well. 


5.5  POTASSIUM  TITANYL  PHOSPHATE  (KTP) 

Potassium  titanyl  phosphate,  KTiOP04  (KTP)  is  one  of  the  best 
nonlinear  optical  materials  increasingly  being  used  commercially  for  the 
second  harmonic  generation  ( SHG ) and  parametric  oscillation  since  its 
discovery  and  introduction  in  1 976.1 123i  It  all  began  when  there  was  a 
search  for  a suitable  crystal  to  convert  efficiently  the  near- infrared  light  at 

1.06  pm,  which  is  useful  in  laser  surgery.  However,  from  the  surgeon’s 
point  of  view  there  is  a difficulty  as  the  near-infrared  is  not  visible  clearly. 
Thus,  the  solution  for  this  problem  was  to  use  a second  crystal  which 
efficiently  converts  the  near-infrared  to  the  visible — a harmonic  generator 
crystal.  024k125l  The  requirement  was  for  a material  with  high  conversion 
efficiency  and  appropriate  index  of  refraction  characteristics  to  allow 
phase  matching.  The  AT  & T Bell  Labs  groupl124!  tried  with  LiNb03. 
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Subsequently,  the  DuPont  group  discovered  KTP  to  be  phase  matchable 
most  efficiently  at  1.064  pm  to  easily  visible  green  light  at  0.53  pm.  It  has 
very  high  laser  damage  resistance,  coupled  with  low  optical  losses  and  it  is 
transparent  over  a wide  range  of  wavelengths  with  favorable  angular, 
spectral  and  temperature  bandwidthsn  and  has  high  conversion  efficien- 
cies. [123][t26][t27]  Also,  it  was  found  that  KTP’s  conversion  efficiency  was 
twice  that  of  LiNb03  and  hence  is  the  most  commonly  used  0.53  pm 
harmonic  generator.  The  additional  advantage  is  that  the  preparation  of 
LiNb03,  which  could  be  grown  from  the  melt,  was  very  expensive.  Also, 
the  stalling  materials  for  the  growth  of  LiNb03  were  equally  expensive.  In 
contrast  to  this,  the  starting  materials  for  the  growth  of  KTP  are  rather 
cheaper  and  the  growth  techniques  are  relatively  inexpensive.  The  lower 
cost  preparative  methods  could  have  an  impact  on  its  use,  and  indeed, 
more  generally  on  the  commercialization  of  nonlinear  optical  materials 
and  electrooptic  devices  and  systems  on  the  whole.  KTP  crystals  are 
mechanically,  chemically  and  thermally  stable  and  non-hygroscopic.  It  is 
remarkable  for  both  high  nonlinear  optical  coefficients  and  high  conver- 
sion efficiency.  The  material  has  excellent  physical  properties,  and  can  be 
used  in  a type  II  phase-matching  configuration.  In  the  recent  years,  KTP 
has  been  developed  for  quasi-phase-matched  guided-wave  devices  to 
access  the  visible  spectrum. 

KTP  belongs  to  the  family  of  compounds  that  have  the  formula 
unit  MTiOX04,  where  M = K,  Rb,  Tl,  NH4  or  Cs  (partial)  and  X = P or  As. 
A11  members  belong  to  the  orthorhombic  space  group,  Pna21  point  group, 
mm2,  with  the  following  lattice  cell  parameters:  a = 12.814,  b = 6.404,  c = 
10.616  A,  V = 371.115  A3.  An  important  crystallographic  property  with 
reference  to  the  optical,  chemical  and  solid-state  behavior  of  KTP  is  that 
there  are  two  formula  units  in  the  asymmetric  unit  so  that  the  proper  solid- 
state  formula  is  K0(TiOP04)i.  The  structure  of  KTP  is  composed  of 
helices  of  Ti06  octahedra  linked  via  phosphate  bridges.  This  leads  to  an 
open  framework  structure  in  which  the  charge-balancing  cations  are 
incorporated  within  the  channels  (Fig.  5.36)4 i28i  The  nature  of  the  KTiOP04 
host  framework  suggested  the  possibility  that  modification  of  the  internal 
structural  characteristics,  and  hence  the  electro-optic  properties,  might  be 
achieved  by  gas-phase  absorption  and  description.  The  K-ion  exists  in  a 
high-coordination  number  site  and  is  weakly  bonded  to  both  the  Ti 
octahedral  and  P-tetrahedral  channels  existing  along  the  Z-axis  [001] 
direction,  where  K can  diffuse  with  a diffusion  coefficient  several  orders 
of  magnitude  greater  than  in  the  X-Y  plane. 
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Figure  5.36.  Structure  of  KTi0P04.[128] 
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In  spite  of  the  above-mentioned  unique  properties  of  KTP,  its 
application  has  been  limited  by  a shortage  of  crystals  of  sufficient  size  and 
quality.  In  particular,  the  crystal  growth  processes  have  tended  to  be 
plagued  by  spurious  nucleation  problems  and  the  inclusions  of  the  sol- 
vents. The  first  attempt  to  prepare  KTP  crystals  was  by  Ouvard  during 
1890,  who  melted  TiO-,,  K4P007  and  K3P04J 129  Masse  and  Grenier 
(1971)  prepared  KTP  in  the  poly  crystalline  form.11301  However,  the  single 
crystals  of  KTP  were  first  obtained  by  Zumsteg  et  al.  (1976)  at  the  DuPont 
Experimental  Station. I123l 

5.5.1  Crystal  Growth  of  KTP 

KTP  decomposes  before  melting  at  1148°C.  Thus,  incongruent 
melting  and  glass  formation  make  it  impossible  to  grow  KTP  crystals 
directly  from  the  melt.  Similarly,  growth  from  aqueous  solution  at  low 
temperature  (less  than  300°C)  is  impossible  because  of  the  low  solubility 
of  KTP.  Therefore,  large  single  crystals  of  KTP  can  be  grown  by  both  high 
temperature  and  pressure  hydrothermal  and  flux  techniques.  There  are 
several  problems  with  reference  to  the  quality  of  the  crystals  grown  by  the 
flux  method.  When  pure  phosphate  self-fluxes  are  used,  the  main  problem 
is  the  high  melt  viscosity.  Its  tendency  to  spuriously  nucleate  and  also  to 
leave  behind  major  structural  defects  in  the  crystals  has  motivated  the 
researchers  to  look  for  better  fluxes.  We  have  summarized  the  advantages 
and  disadvantages  of  both  flux  and  hydrothermal  methods  and  quality 
of  KTP  crystals  in  Table  5.13.  Similarly,  the  main  problem  with  the  use  of 
the  hydrothermal  technique  for  the  growth  of  KTP  crystals  is  the  higher 
pressure-temperature  conditions  of  growth.  In  fact,  when  Zumsteg  et  al. 
(1976)[123]  and  Berlien  and  Gier  ( 1976)  1131]  synthesized  KTP  by  the 
hydrothermal  method,  the  pressure-temperature  conditions  were  quite 
high  (P  = 1.5  to  3 kbar,  T = 650°  to  700°C).  The  crystal  size  was  not  more 
than  a few  millimeters  since  the  experiments  were  carried  out  in  small 
platinum  or  gold  capsules.  Liu  et  al.  (1982,  1984)  have  reported  the 
growth  and  properties  of  hydrothermally  grown  KTP.I  l32H 1331  They  pre- 
pared nutrient  by  the  reaction  of  KH,P04  and  TiO,  at  1250°C.  The 
hydrothermal  “flux”  was  1.5  KH2P04,  1.0  Ti02  in  Ag_  or  Air  lined 
autoclaves  at  a pressure  of  24-28  kpsi  (1.66-1.93  kbar)  and  520-560°C  in 
a gradient  of  30-70°C.  Growth  rate  on  (Oil)  was  0.2-1. 8 mm/week.  The 
higher  pressure-temperature  conditions  do  not  yield  laigc  size  crystals  and 
the  cost  of  the  experiments  involved  is  rather  high.  This  led  to  the  serious 
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Table  5.13.  Difference  Between  Flux  and  Flydrothermally  Grown  KTP 
Crystals 


Flux  Grown  KTP 

Flydrothermally  Grown  KTP 

- Temperature  is  constantly  lowered 
and  crystals  grow  through  continuous 
change  in  solubility 

Temperature  is  constant,  and  crystal 
growth  occurs  through  continuous 
transport  of  nutrient  by  convection 
currents. 

- Growth  temperature  is  high 
(>  950°C) 

Growth  temperature  is  moderate 
(<  500°C) 

- Pressure  atmospheric 

Pressure  <1.4  bar 

- Growth  rate  is  > 1 mm /day 

Growth  rate  < 0.6  mm /day 

- Experimental  duration:  7 to  10  days 

Experimental  duration  several  weeks 
(~  30  days) 

- Incorporation  of  fluxes  into  the 
lattice,  & concentration  of  nonstoi- 
chiometric  defects  occurs 

Incorporation  of  (OH)  into  the  lattice, 
as  crystals  are  grown  at  lower 
temperature 

- Reduced  stoichiometry,  thermooptic 
effect,  poorer  quality,  susceptible  to 
optical  damage  (less  damage  resistant) 

Increased  chemical  stoichiometry, 
uniform  refractive  index,  high  quality, 
higher  resistance  to  optical  damage 
(most  damage  resistant) 

- Cost  of  production-less  expensive 

Cost  of  production- very  expensive 

- Limited  or  slow  incorporation  in 
laser  devices 

More  useful  for  laser  applications 

- Poor  in  perfection,  purity  and 
homogeneity 

Better,  perfect,  purity  and  homo- 
geneity 

- Suffers  from  blackening  at  the  end 
part  of  the  negative  pole  when  placed 
in  DC  field 

Does  not 

- Higher  ionic  conductivity 

Lower  ionic  conductivity 

Growth  morphology  is  more  or  less  the  same 
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efforts  from  several  groups,  particularly  with  reference  to  the  PVT  rela- 
tions in  several  related  systems  like  K20-Ti00-Pi05,  which  ultimately 
brought  down  the  pressure-temperature  conditions  to  the  tune  of  P = 700 
bars,  T = 375-425°C.  The  credit  goes  to  Laudise  and  Belt  for  contributing 
extensively  on  the  PVT  relations  of  the  KTP  systems  and  also  for  growing 
large  size  single  crystals  of  KTP  by  the  hydrothermal  technique. P34]-[i37] 
The  earlier  hydrothermal  experiments  on  KTP  were  carried  out  using 
platinum  or  gold  lined  autoclaves  with  Tuttle  seals  (cold-cone  seal  clo- 
sures). The  crystalline  KTP  nutrient  in  appropriate  dimensions  and  quan- 
tity was  introduced  into  the  bottom  paid  (dissolution  zone),  and  the  seeds 
(cut  in  proper  directions)  were  suspended  on  a frame  in  the  upper  paid 
(growth  zone)  of  the  liner  cavity.  A baffle  separated  them  so  as  to 
control  the  solution  convection  for  establishing  a suitable  temperature 
gradient.  The  mineralizers  used  in  the  earlier  experiments  were  usually 
KF  and  K2F1P04  taken  with  a definite  molarity.  The  percent  fill  (70- 
80%)  and  percent  open  area  of  the  baffle  (5  to  10%),  temperature  gradient 
(At  = 10-80°C)  were  selected  appropriately.  Under  such  experimental 
conditions,  the  crystals  are  usually  16  x 15x7  mm3. 

At  present,  several  variants  of  hydrothermal  growth  of  KTP  single 
crystals  are  known.d34^135^138]  Laudise  et  al.  (1990)  have  carried  out  PVT 
measurements  on  2M  K,FIP04  and  2M  K2F1P04  saturated  with  KTP  (Figs. 
5.37  a and  fe)J138]  It  was  important  that  growth  be  conducted  in  the  absence 
of  a gas-liquid  interface,  otherwise  seeds  in  the  gas  phase  do  not  grow,  and 
bubbling,  boiling,  and  bumping  contribute  to  poor  quality  deposition. 
They  made  nutrient  by  the  reaction  of  KFI2P04  and  Ti02  in  platinum  at 
1 250°C.  The  hydrothermal  flux  was  1 .5  KH,P04- 1 .0TiO2  in  gold  or  silver 
lined  autoclaves  atP  = 1.66-1.93  kbar,  T = 520-560°C  and  AT  = 30-70°C. 
Growth  rates  on  (Oil)  were  0.2-1. 8 mm/week.  Laudise  and  co-workers 
have  discovered  much  lower  PT  conditions  for  KTP  growth,  permitting 
the  use  of  ordinary,  unlined  steel  autoclaves  in  a K2HP04  solvent.  By 
using  the  reaction  KH,P04  + Ti02  — > KTiOP04  + FLO  to  form  KTP,  they 
earned  out  a phase  stability  study,  the  results  of  which  are  shown  in  Fig. 
5.38.  Figure  5.38  shows  only  the  water-rich  corner  of  the  complete 
ternary.  Everywhere  along  the  line  A-FLO,  mole  ratio  KP03/Ti02  = 
1.00,  the  same  as  in  KTP.  Arrow  1 in  Fig.  5.38  at  = 65  mol  % KP03/ 
KP03  + Ti02  (KP03/Ti02  = 1.8)  is  at  or  close  to  the  boundary  of  the 
phase  fields  a + KTP  and  KTP  at  600°.  Alpha  (a)  is  not  a completely 
characterized  phase,  probably  less  K than  in  KTP.  The  boundary  is 
probably  nearly  the  same  position  at  500°C.  Arrow  2 in  Fig.  5.38,  approxi- 
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mately  50  mol  % KP03/KP03  + Ti02  (KP03/Ti02  = 1.0),  is  the  boundary 
between  the  phase  fields  KTP  and  KTP  + Ti09  (anatase)  at  600°C.  It 
coincides  with  the  line  A-H20.  Arrow  3,  at  approximately  58  mol  % 
KP03/KP03  + Ti02(KP03/Ti09  = 1.4),  indicates  that  the  boundary  be- 
tween the  phase  fields  KTP  and  KTP  + Ti02  (anatase)  at  500°C  and  lies  at 
stoichiometry:  richer  in  KP03  than  A-H90.  It  moves  to  the  left  at  lower 
temperatures.  Assuming  the  validity  of  the  boundaries  defined  by  the 
arrows  1,  2 and  3,  the  appropriate  phase  boundaries  have  been  drawn  in 
Fig.  5.38  so  as  to  terminate  in  the  complete  phase  diagram  on  the  KP03- 
Ti09  axis  at  K(TiO)PO.  Thus,  the  lines  EC(1)G,  F(3)FI  and  D(2)A  termi- 
nate at  KTP.  The  line  EF  schematically  represents  the  solubility  of  KTP  at 
500°C.  It  does  not  intersect  A-D-F120,  so  KTP  is  incongruently  saturat- 
ing at  500°C,  i.e.,  the  mole  ratio  of  KP03/Ti02  in  the  liquid,  where  KTP 
is  the  only  stable  solid  phase,  ^ to  the  ratio  in  KTP.  Somewhere  in  the 
Ti02-rich  part  of  the  diagram,  anatase  would  probably  be  the  sole 
stable  phase  and,  in  the  KP03-rich  region,  E would  probably  be  the 
sole  stable  phase.  The  authors  did  not  try  to  find  these  boundaries  because 
they  arc  not  directly  relevant  to  KTP  growth. 


Fi£j.5.37B  Pressure ftn  various  fills  us  u function  of  tempera  lure  in  Fly. !L37b  Pressure  for  various  fills  as  a function  of  temperature  in 

WKjHPQ*.  2M  K J Hra  + o.  125 M KMCh,  saiuxiiieil  with  KTP. 


Figure  5.37.  PVT  relations  in  KTP  system.!138^ 
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Figure  5.38.  Phase  diagram  for  KTP  system^1381 


Typical  conditions  used  in  growth  runs  are  as  follows: 


Autoclave: 

Mineralizer: 

% Fill: 

Crystallization  temperature: 
Nutrient  (dissolving)  temperature: 
Temperature  differential  (AT): 

Seed  orientation  (201),  (Oil): 

(Seed  orientation  based  on  a = 12.80  A. 
Spontaneous  wall  nucleation: 


- Pt  lined,  1”  ID  x 6”  IL 
(2.5  cm  x 15  cm) 

- 2 m K2HP04  + 0.5  m KP03 

- 75  % 

- 375°C 

- 425°C 

- 50°C 

- rates  from  2.6  to  5.7  mil/day 

(~  0.07-0. 14  mm/day),  (010)  rate 
generally  higher,  quality  good 

b = 6,400  A,  c = 10.580  A)l138l 

- moderate;  crystals  clear  but  not 
too  well  formed 
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The  growth  rates  are  for  the  total  increase  in  crystal  thickness  or 
time  of  the  run.  Increasing  AT  to  75°C  and  increasing  KP03  decreased  the 
growth  rate,  but  growing  without  KP03,  i.e.,  with  the  mineralizer  (2  m 
KiHP04)  alone,  did  not  markedly  effect  the  growth  rate  or  quality.  Growth 
in  KH2P04  or  KP03  alone  was  very  slow. 

In  the  growth  of  KTP,  like  quartz,  the  seed  orientation  is  very 
important.  The  growth  rates  are  different  in  different  seed  orientations  and 
the  highest  rate  for  KTP  has  been  obtained  on  (01 1)  seed  crystal  31391 

The  crystals  grown  at  lower  growth  rates  are  superior  in  quality. 
Therefore,  proper  care  has  to  be  taken  to  achieve  the  optimum  growth  rate 
under  hydrothermal  conditions  by  selecting  appropriate  growth  param- 
eters, because  a combination  of  several  growth  parameters  act  upon  the 
growth  rate  and  crystal  quality  of  KTP. 

5.5.2  Solubility  of  KTP 

The  solubility  of  KTP  is  an  important  aspect.  The  higher  experi- 
mental temperature  pressure  adopted  in  the  earlier  works  were  due  to  lack 
of  accurate  data  on  the  solubility  of  KTP  and  added  to  that  the  solubility  of 
KTP  is  rather  low  in  most  of  the  conventional  solvents. 

The  solubility  of  KTP  in  1M  K2HP04+  0.5  KP03  solutions  has  been 
studied  in  detail.!138]  Figure  5.39  shows  the  solubility  of  KTP  (in  wt%)  in 
1M  K2HP04  + 0.5  KP03  at  10  kpsi.  The  solubility  data  indicate  good 
solubility  for  growth  at  600°C  and  a positive  temperature  coefficient. 


400  450  500  550  GOO  GGO 


r=c 

Figure  5.39.  Solubility  of  KTP  (in  wt%)  in  1M  K,HPO4+0.5  KP03  at  10  kpsiT38! 
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KTP  crystals,  using  a complex  mixture  of  water  soluble  phos- 
phate glasses,  KTP,  solvents  and  water,  have  been  obtained  by  several 
researchers.  The  glass  composition  is  K90  (42-70),  Ti09  (1-18),  P905 
(26-55)  (mol%).  The  optimum  ratio  K/P  is  equal  to  0.8-2. 5,  optimum 
glass  composition  is  K20  (55-60),  P905  (38-42),  (Ti02  (1-5)  (mol%). 

Byrappa  (1996)  has  earned  out  an  extensive  study  on  the  solubil- 
ity of  KTP.1 1401  The  main  objective  of  this  study  was  to  find  a suitable 
mineralizer  solution  in  order  to  increase  the  growth  rate,  solubility,  and 
crystal  quality,  but  at  reduced  PT  conditions.  As  well-known  from  the 
literature  survey,  the  hydrothermal  technique  is  most  suitable  for  the 
growth  of  KTP  crystals  as  it  produces  high-quality  defect-free  crystals. 
However,  the  main  problem  with  the  use  of  the  hydrothermal  technique 
for  the  growth  of  KTP  crystals  is  the  higher  PT  conditions  of  growth.  In 
fact,  when  the  early  hydrothermal  experiments  were  carried  out,  thePT 
conditions  were  rather  high  (P  = 1.5  to  2 kbar;  T = 650°  to  700°C).  The 
higher  PT  conditions  do  not  yield  hu  ge  size  crystals  and  the  cost  of  the 
experiments  involved  is  rather  high.  Subsequently,  the  inflow  of  the 
research  data  particularly7  on  the  PVT  relations  in  several  related  systems 
of  K90-Ti09-P905,  has  brought  down  the  PT  conditions  to  the  tune  of  P = 
10  kpsi  and  T = 375-425°C. 

Investigators  have  carried  out  hydrothermal  experiments  within  a 
wide  range  of  PT  conditions  using  Morey  and  Tuttle  type  autoclaves.  The 
nutrient  materials  were  taken  in  teflon  liners  for  experiments  at  lower  PT 
conditions  (using  Morey  type  of  autoclaves)  and  in  platinum  liners  for 
experiments  at  higher  PT  conditions  (using  Tuttle  type  of  autoclaves).  A 
series  of  mixed  mineralizers  like  H9S04  + KOH,  KF  + HC1,  HF  + KF, 
H9S04  + HC1  + KF  in  different  ratios  were  tried  in  order  to  bring  down  the 
PT  conditions  of  crystallization  of  KTP  crystals.  The  pressure  in  the 
system  was  calculated  from  PVT  relations.  In  the  case  of  lower  PT 
experiments,  the  temperature  was  275°C  and  the  pressure  was  approxi- 
mately 100  bars.  The  experiments  were  earned  out  for  8-10  days  and 
spontaneously  nucleated  small  crystals  of  KTP  were  obtained.  The  result- 
ant product  was  washed  thoroughly  in  distilled  water  to  remove  the  excess 
solvents  and  the  crystals  were  collected  and  dried.  The  size  of  the  crystals 
were  around  1 mm,  colorless,  transparent,  and  exhibited  vitreous  luster. 
The  faces  were  developed  in  most  of  experiments.  The  solubility  measure- 
ments were  carried  out  on  KTP  crystals  using  the  above  said  mixed 
mineralizers  under  hydrothermal  conditions.  Figure  5.40  shows  the  solu- 
bility curves  for  KTP.  Figure  5.41  shows  a representative  photograph  of  a 
KTP  crystal  obtained  by  the  hydrothermal  method.  Similar  experiments 
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were  carried  out  under  elevated  PT  conditions  (P  = 500  bars  and  T = 
325°C).  The  crystals  were  better  in  quality  compared  to  the  crystals 
obtained  under  lower  PT  conditions. 


Figure  5.40.  Solubility  curves  for  KTP.1 140! 


Figure  5.41.  Representative  photograph  of  a KTP  crystal  obtained  by  the  hydro- 
thermal  method.1138^ 
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Belt  et  al.  (1989)  have  reported  the  growth  of  KTP  single 
crystals  in  4-liter  capacity  autoclaves  at  temperatures  of  475°C  and  1.5 
kbarJ1391  Gold  liners  were  used  here  exclusively  as  corrosion  resis- 
tance to  the  phosphates.  Baffle  openings  were  adjusted  in  the  range  of 
20%  with  T = 30-40°C  and  the  total  run  durations  were  40-50  days.  The 
growth  rates  sustained  were  0.5-1.0  mm/side/week  on  (Oil)  seed  crys- 
tals J126] 

Belt  and  his  group  from  Airtron  Division  of  Litton  Systems  have 
increased  the  autoclave  volume  further  and  developed  the  low-tempera- 
ture hydrothermal  process  in  5-liter  systems.  These  large  autoclaves  have 
produced  the  largest  KTP  single  crystals  available  in  the  world,  see  Fig. 
5.42.  These  crystals  are  typically  4x5x8  cm  and  easily  provide  finished 
parallelpipeds  of  1-1.5  cm2  apertures  and  up  to  2 cm  long  when  material  is 
extracted  from  either  side  of  a seed.  The  schematic  diagram  of  the  large 
KTP  crystals  grown  in  5-liter  autoclaves  is  shown  in  Fig.  5.43.  The 
rectangle  in  the  center  is  seed  plate,  and  the  numbers  identify  prominent 
planes.  I137l  A successful  large-scale  hydrothermal  growth  process  affects 
the  size,  cost,  yield,  and  quality  of  KTP  crystals.  The  cost  of  an  autoclave 
is  governed  by  its  size,  the  type  of  alloys  used,  and  availability  of  heat- 
treated  billets  from  which  the  autoclaves  are  fabricated.  Thus,  lower- 
temperature  experiments  can  use  autoclaves  made  from  more-common 
steel  alloys,  in  turn  lowering  the  cost. 

The  darkening  of  KTP  crystals  caused  by  the  lack  of  oxygen  in  the 
growth  process  can  be  overcome  by  introducing  an  oxidizing  agent,  for 
example,  1-5  wt%  of  H202,  into  the  mineralizer  solution. 


Figure  5.42.  KTP  single  crystals  grown  using  large  autoclaves  (5  liter).  (Photo 
courtesy  of  R.  F.  Belt.) 
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Figure  5.43.  Schematic  diagram  of  the  large  KTP  crystals  grown  in  5-liter 
autoclaves  J13T|  (Courtesy  of  the  PennWell  Publishing  Co.,  USA.) 


5.5.3  Morphology 

The  morphology  of  KTP  crystals  is  quite  interesting  and  it  does 
not  vary  much  from  flux-grown  to  hydrothermally  grown.  KTP  usually 
grows  as  multifaceted  crystal  with  fourteen  faces  typical  for  the  KTP 
structure.  The  commonly  seen  crystal  faces  are  { 100},  {Oil},  { 201 } and 
{110}  faces.  These  faces  possess  different  growth  rates  and  their  relative 
sequence  remains  constant,  even  though  the  absolute  growth  rate  of  each 
face  may  vary  with  growth  temperature  gradient,  solvent  concentration, 
and  so  on.  The  average  growth  rates  for  various  faces  of  hydrothermal 
KTP  are  given  in  Table  5.14. 

Table  5.14.  Average  Growth  Rate  for  Various  Faces  of  Flydrothermal 
KTP 

Growth  Rate  (10-3  mrn/day) 


{100}  {201}  {011}  {110} 


90 

97 

123 

156 

65 

72 

88 

110 

40 

45 

53 

71 
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The  { 100}  face  has  the  largest  area  and,  thus,  the  smallest  growth 
rate  among  the  faces.  The  width  and  height  of  the  steps  in  KTP  are 
inversely  proportional  to  the  growth  rate  or  to  the  AT  in  different  runs. 
Since  KTP  grows  as  multifaceted  crystal,  cutting  and  polishing  of  the 
crystal  are  quite  cumbersome.  Therefore,  the  growth  of  KTP  with  in- 
creased volume  at  lower  cost  is  (very  important)  most  desirable. 

As  shown  in  Table  5.13,  the  properties  of  KTP  crystals  vary  with 
the  growth  method.  Hydrothermally  grown  KTP  crystals  generally 
show  an  absorption  band  between  3550-3600  cm-1  due  to  the  presence  of 
(OH)-.  Generally,  if  a crystal  used  for  a nonlinear  interaction  has  even  a 
small  amount  of  absoiption,  the  efficiency  of  the  nonlinear  interaction  will 
be  decreased.  Absorption  of  the  laser  radiation  occurs  through  the  volume 
of  the  crystals  illuminated  by  the  laser  beam.  Thus,  heating  of  the  crystal 
occurs  through  this  volume  also.  Cooling,  on  the  other  hand,  occurs  by 
conduction.  Consequently,  heating  the  surface  of  the  crystal  establishes 
thermal  gradients  within  the  crystal.  As  the  refractive  index  depends  on 
the  temperature  through  the  thermo-optic  effect,  gradient  variations  in  the 
refractive  index  will  also  be  generated.  Variations  in  the  refractive  index 
will  result  in  non-ideal  phase  matching  throughout  the  volume  of  the 
nonlinear  interaction.  As  the  nonlinear  interaction  is  quite  sensitive  to  the 
variations  in  phase  matching,  the  heating  of  the  crystal  can  cause  a 
significant  degradation  in  the  efficiency  of  the  nonlinear  interaction. 1 14 

Several  authors  have  measured  the  ionic  conductivity  in  pure  and 
doped  KTP  crystals. [142lt143]  The  ionic  conduction  property  of  these  crys- 
tals allows  ion-exchanged  wave-guides  to  be  formed  readily  in  them. 


5.6  POTASSIUM  TITANYL  ARSENATE 

Recently,  it  has  been  shown  that  the  nonlinear  optic  and  electro- 
optic  coefficients  of  potassium  titanyl  arsenate  (KTA)  crystals  are  signifi- 
cantly superior  to  those  of  KTP  crystals. [144]  Similarly,  the  arsenate 
isomorphs,  like  KTA,  RTA,  and  CTA,  unlike  the  phosphate  isomorphs, 
are  prone  to  ferroelectric  multi-domain  formation  which  renders  these 
crystals  useless  in  practical  applications.  KTA  belongs  to  the  class  of  forty 
compounds  which  are  all  structurally  characterized  by  corner-linked  octa- 
hedrally  coordinated  titanium  chains  connected  with  tetrahedrally  coordi- 
nated phosphorus  or  arsenic  bridges. 

KTA  can  be  prepared  by  methods  analogous  to  those  used  for 
KTP.  Brahmani  and  Durand  (1986)  have  reported  the  structure  of  KTA 
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crystals1 145 L The  reputed  effective  nonlinear  coefficient  (d^j)  of  KTA  is 
1 .6  times  that  of  KTP.  This  favorable  property  has  encouraged  several 
groups  to  carry  out  the  hydrothermal  growth  of  KTA  at  temperatures  less 
than  600°C.  Belt  and  Ings  (1993)  have  hydrothermally  grown  KTA  crys- 
tals using  KH2As04  and  KOH  mineralizers.  Flux  grown  KTA  crystals 
were  used  as  the  seed  crystals  by  these  workers J146l  These  authors  have 
also  studied  the  PVT  relationship,  solubility,  and  the  growth  rates  and 
growth  morphology  in  detail;  with  the  pressure  balancing  method,  growth 
rates  of  0. 2-0.4  mm/side/day  can  be  achieved  on  {011}  seeds.  The 
experiments  have  been  carried  out  in  large  size  autoclaves  of  4-  to  5-liter 
capacities.  Figure  5.44  shows  the  characteristic  photographs  of  KTA 
single  crystals  obtained  by  Belt  and  Ings  under  hydrothermal  conditions. 
The  ideal  morphology  of  KTA  crystals  is  shown  schematically  in  Fig. 
5.45.  The  experimental  conditions  are  given  in  Table  5.15. 


Figure  5.44.  Characteristic  photographs  of  KTA  single  crystals  obtained  by  Belt 
and  Ings  under  hydrothermal  conditions.1446! 
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Figure  5.45.  Ideal  morphology  of  KTA  crystals  is  shown  schematically. b46l 


Table  5.15.  Summary  of  the  Experimental  Parameters  of  the  Hydrothermal  Growth  Experiments  in 
Production-Sized  Autoclaves 


Run 

No. 

Mineralizer 

% Fill 

Nutrient 

Nutrient 

temp. 

(°C) 

Pressure 

(atm) 

Seeds 

Gradient 

PC) 

Run 

time 

(week 

Results 

Inner 

Outer 

s) 

1 

4M  KH2AS04 

80 

57 

Flux 

grown  KTA 

560 

1700 

Unoriented  flux 
growth  KTA 

28 

2 

Slight  growth  on 
KTA  seeds 

2 

4M  KH2AS04 

78 

58 

Flux 

grown  KTA 

590 

1820 

(201),  (011)  and 
(100)  flux 
grown  KTA 

50 

1.5 

0.1  mm/side/week  on 
(201)  and  (011)  seeds, 
0.2  mm/side/  week  on 
(100) seeds 

3 

4M  KH2AS04 

77 

57 

Flux 

grown  KTA 

590 

1700 

(201)  and  (011) 
flux  grown  KTA 

30 

2 

0.2  mm/side/week  on 
(201)  and  (011)  seeds 

4 

4M  KH2AS04 

77 

57 

Flux 

grown  KTA 

590 

1700 

(201)  flux 
grown  KTA 

40 

4 

0.4  mm/side/week  on 
(201)  and  (011)  seeds, 
0.2  mm/side/week  on 
(100)  seeds 

Hydrothermal  Growth  of  Crystals  271 


272  Handbook  of  Hydrothermal  Technology 


Some  authors  have  studied  the  ionic  conductivity  in  KTA  crystals 
and  usually  the  ionic  conductivity  is  one  order  of  magnitude  lower  than 
KTP  crystals.  The  ionic  conductivity  is  found  to  be  one-dimensional,  i.e., 
along  Z-direction  only. 

The  structure  of  KTP  family  has  the  typical  formula  {K+}  [Ti4+]0 
(P5+)04,  where  the  flower  brackets  indicate  nine-  or  eight-fold  coordina- 
tion, the  square  brackets  six-fold  octahedral  coordination  and  the  paren- 
theses four- fold  tetrahedral  coordination.  Different  isovalent  and  aliovalent 
substitutions  in  a given  structure  are  quite  interesting,  and  could,  perhaps, 
result  in  different  structural  and  optical  properties.  Cheng  et  aid147]  have 
found  that  stability  of  KTA  crystals  is  higher  compared  to  other  KTP-like 
compounds,  Nb-doped  KTP  crystals  are  observed  to  be  stable,  and  Klx 
Tit  xNbxO  P04  single  crystals  with  x ~ 0.25  have  been  obtained  without 
any  charge  compensator.  Partial  charge  compensation  of  Nb5+  in  K|  x Ti  | x 
NbxO  P04  crystals  by  Ga3+,  Fe3+  and  Mg2+  has  been  reported.  However, 
complete  substitution  of  Ti4+  in  single  crystals  of  KTP  with  any  aliovalent 
cation  pair  has  not  been  achieved  by  any  method. 

On  the  contrary,  complete  substitution  of  Ti4+  with  Nb5+-Mg2+ 
and  Nb5+-Zn2+  cation  pairs  was  reported  to  be  possible  in  the  case  of 
KTA  crystals.  This  result,  suggested  Chani  et  al.  (1997),  that  it  might 
be  possible  to  prepare  new  aliovalent  analogous  of  KTA  containing  Nb5+- 
M3+  (M  = Al,  Cr,  Ga,  Fe,  In)  cation  pairs  in  octahedral  positions  of  KTP 
structured148]  KTA  crystal  was  the  chosen  basic  material  for  this  purpose 
as  it  was  noted  to  be  most  stable  compared  to  KTPd14?] 

Lattice  parameter  values,  in  general,  were  found  to  increase  with 
increasing  M3+  cation  radius,  as  expected.  The  results  of  compaction 
measurements  indicate  that  Ti-free  crystals  with  the  structure  of  KTP  have 
tendency  to  create  potassium  vacancies.  This  result  is  in  good  agreement 
with  that  reported  for  nonsubstituted  KTP  crystals.  Structural  analogues 
of  KTP  corresponding  to  K [Ta,  M]0  As04  were  prepared  by  solid-state 
reaction.  However,  no  KTP  phase  formation  was  observed  in  K [Nb,  M]0 
P04  and  K [Ta,  M]0  P04  systems. 

The  growth  of  KTP  family  of  materials  on  the  whole  is  fascinating 
and  challenging  for  both  technologists  and  academicians. 
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5.7  CALCITE 

Calcite.  CaC03  is  an  important  carbonate  mineral  and  it  occurs 
commonly  in  nature  both  as  well-developed  crystals  and  amorphous 
material.  The  pure  and  optically  clear  calcite  is  called  Iceland  spar.  Calcite 
is  polymorphous  and  exists  in  at  least  five  modifications.  The  two  poly- 
morphs commonly  found  in  nature  are  calcite  and  aragonite.  In  addition, 
there  are  two  synthetic  forms  known  only  at  high  pressures:  calcite  II  and 
calcite  III.  Vaterite  (y  -CaC03)  is  a metastable  hexagonal  form  which 
crystallizes  at  ordinary  temperatures  and  pressures  J149] 

Calcite  single  crystals  form  an  important  optical  material  owing 
to  its  large  birefringence  and  transparency  over  a wide  range  of  wave- 
lengths. This  property  makes  it  one  of  the  significant  materials  for  polar- 
ized devices  such  as  optical  isolaters  and  Q switches.  It  also  exhibits 
antiferromagnetic  properties.  Although  there  are  many  deposits  of  calcite 
in  the  world,  the  optically  clear  quality  calcite  (for  example,  Iceland  spar) 
has  been  depleted  in  recent  years,  leading  to  its  shortage  in  nature. 
However,  the  demand  for  optically  clear  calcite  single  crystals  is  increas- 
ing greatly  with  the  development  of  laser  devices  such  as  optical  isola- 
tors, [15°H151]  and  similarly,  the  chemical  impurities  and  growth  defects 
depend  upon  the  geological  settings  and  often  lead  to  variations  of  refrac- 
tive index  and  internal  light  scattering  centers,  and  low  optical  damage 
resistance.  Hence,  the  artificial  means  of  obtaining  optically  pure  calcite  is 
becoming  very  popular.  Many  laboratories  throughout  the  world  have 
attempted  to  obtain  calcite,  but  most  of  them  have  suffered  from  size  or 
quality  problems.  In  fact,  the  first  publication  on  the  synthesis  of  calcite 
appeared  in  1883.  Lemberg1 1521  heated  basalt  for  six  months  with  distilled 
water.  It  took  up  2.43  % H20,  which  was  not  removed  over  hLS04  in  two 
weeks;  the  solution  remaining  in  the  tube  had  a slightly  alkaline  reaction. 
The  same  basalt  heated  with  K2C03  solution  for  nine  months  gave  a glass 
rich  in  H20,  and  CaC03  crystals.  A glass  made  from  palagonit  from  Vidoe 
heated  for  three  months  with  distilled  HA)  was  little  attacked,  but  the 
product  contained  8.61  % H00.  Similarly,  melted  labradorite,  heated  for 
thirteen  months  with  K,C03  solution  gave  a glass  rich  in  K,  and  the  Ca 
replaced  had  formed  CaC03.  Further  Lemberg  obtained  CaC03,  while 
the  MgO  remained  combined  with  the  Si02  after  heating  augite  with 
K,C03  solution  for  one  year  at  100°C.  When  anorthite,  with  a little  augite, 
was  heated  for  189  hours  at  180-190°  with  Na4C03  solution,  the 
product  consisted  of  calcite  crystals,  amorphous  substances,  and  a 


274  Handbook  of  Hydrothermal  Technology 


columnar  mineral  similar  to  cancrinite.  Later,  Friedel  and  Sarasin  (1885) 
obtained  small  calcite  crystals  by  heating  CaCl2,  precipitated  CaC03,  and 
60-70  cc  H-,0  for  ten  hours  at  500°C;  with  20  gms  CaCl9  and  a few  grams 
CaC03  the  crystals  were  large  enough  for  goniometric  measurements. 
Crystals  obtained  were  simple  rhombohedra.053]  There  was  no  aragonite 
in  the  product.  However,  all  these  earlier  works  on  the  synthesis  of  calcite 
were  purely  of  geological/mineralogical  interest,  and  the  size  of  the 
crystals  obtained  was  in  no  way  nearer  to  the  fabrication  of  devices.  The 
most  significant  problem  for  the  growth  of  calcite  crystals  is  that  the 
growth  techniques  are  restricted  due  to  the  dissociation  of  CaC03  at  high 
temperatures.  Several  techniques  have  been  employed  to  grow  calcite 
single  crystals  like  low  temperature  solutions, [154k155]  gels,[156k15T|  fluxes 
or  eutectics, l158k159]  top  seeded  solution  growth, 11 6(11  travelling  solvent 
zone  melting, 11611  hydrothermal  hot  pressing,1  l62H  l64l  and  hydrother- 
m al . 1 1 5()l n 51 1 n 65 1-[  1 7°i  catcite  crystals  grown  by  most  of  these  methods 
encounter  several  problems  including  the  presence  of  large  thermal  stress, 
C02  dissociation,  and  alkaline  carbonate  flux  inclusions  which  cause 
serious  defects  and  contamination  by  metal  ions.  On  the  other  hand,  the 
hydrothermal  method  is  one  of  the  most  promising  techniques  for  growing 
unstable  crystals  such  as  a carbonate  compound,  with  the  advantage  of 
suppressing  the  dissociation  of  C02  and  yielding  high  quality  crystals  in  a 
homogeneous  ambient  at  relatively  low  temperatures.  11711  Also,  this  tech- 
nique is  closer  to  the  conditions  in  which  calcite  grows  in  nature. 

Many  researchers  have  tried  to  grow  calcite  single  crystals  at 
relatively  low  temperatures  since  calcite  crystals  dissociate  to  form  CaO 
and  C02  above  900°C  under  atmospheric  pressure.  Varieties  of  solvents 
have  been  used  for  hydrothermal  growth  of  calcite,  but  none  of  them  have 
succeeded  in  growing  large  single  crystals.  The  solubility  of  calcite  is  very 
interesting.  It  has  been  studied  in  water  under  various  C09  pressures.1 17211  l73i 
The  C09  pressure  would  be  concerned  with  dissolution  and  precipitation 
of  calcite  in  nature.  Thus,  hydrothermal  growth  under  variable  C09 
pressures  is  also  very  interesting  from  the  point  of  view  of  geochemistry. 
The  solubility  is  positive  for  increasing  C09  pressure  and  negative  for 
increasing  temperature.  This  behavior  of  calcite  has  posed  a real  problem 
in  the  search  for  a suitable  solvent  to  obtain  higher/optimum  growth  rates. 
Despite  this,  a large  number  of  reports  concerning  calcite  growth,  hydro- 
thermal  reaction  of  calcite  in  chloride,  and  other  chloride  solutions  have 
appeared.  Because  natural  calcite  crystals  are  formed  in  both  chloride  and 
carbonate  hydrothermal  solutions  and  these  chloride  solutions  are  almost 
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analogous  to  natural  carbonate  thermal  springs.  Ikornikova  has  done  an 
extensive  work  on  the  aspects  of  solubility,  designing  an  apparatus  to 
grow  calcite  crystals  with  changing  C02  concentration  as  the  pressure  is 
reduced  at  constant  temperature,  crystal  growth  kinetics,  and  mecha- 
nism.!166] 

For  hydrothermal  crystal  growth  of  calcite,  several  inorganic 
solvents  like  NaCl,  LiCl,  CaCl2,  NaN03,  Ca(N03)2,  NF14N03,  K2C03,  and 
carbonic  acid  have  been  employed  as  mineralizers.  The  growth  conditions 
vary  from  150°C  and  15  MPa,  to  600°C  and  200  MPa.  No  one  has  used 
organic  salt  solutions  to  grow  calcite  crystals  under  hydrothermal  condi- 
tions. Yamasaki  and  his  group  have  tested  the  solubility  of  calcite  in 
ammonium  acetate  solution.!1701  Flowever,  there  is  no  unanimity  with 
respect  to  solubility  owing  to  the  change  in  the  sign  of  the  temperature 
coefficient  of  C02  solubility  in  FI-,0,  as  shown  in  the  isobaric  diagram  Fig. 
5.46.  The  diagram  clearly  shows  two  regions:  I and  II,  lying  on  the  two 
sides  of  the  200  bar  isobar,  which  is  close  to  the  isobar  of  the  critical 
pressure  of  water.  The  pH  of  the  system  falls  with  increasing  PCOl  under 
standard  conditions.  This  is  connected  to  the  fact  that  with  increasing  CO, 
solubility,  the  concentration  of  both  the  hydrocarbonate  and  the  hydrogen 
ions  increases.  The  solubility  of  calcite  in  aqueous  solutions  of  carbon 
dioxide  was  studied  between  10-300°C  and  1-100  bar.!172]!1731  At  the 
same  time,  for  T = constant,  the  solubility  rises  exponentially  with  increas- 
ing PCOr  Later  experiments  at  200-600°C  and  200-1400  bar  in  solutions 
of  10-100  mg/ml  C02  showed  that  absolute  solubilities  of  calcite  at  high 
temperatures  and  pressures  were  almost  an  order  of  magnitude  lower  than 
those  measured  at  pressures  up  to  100  bar.!1741  The  following  groups  have 
carried  out  extensive  studies  on  the  solubility  of  calcite:  i)  Ikornikova  of 
Russia,  during  1960s  and  1970s — using  chloride  solutions;  ii)  Belt,  USA, 
during  1970s — using  carbonate  solutions;  Hi)  Hirano,  Japan,  during  1980s 
and  early  1990s — using  nitrate  solutions;  iv)  Kodaira,  Japan,  during  1990s — 
using  H20-C02;  v)  Yamasaki,  Japan,  during  1990s  to  date — using  ammo- 
nium acetate  and  other  organic  solvents.  Each  one  of  the  last  three  groups 
claims  superiority  of  their  solvents  over  the  others.  Figures  5.47  and  5.48 
show  the  solubility  curves  for  calcite  in  different  solvents.  Yanagisawa  et 
al.  (1996)  have  studied  the  effect  of  pH  of  CH3COONH4  on  the  growth  of 
calcite.!1701  it  was  found  that  calcite  crystals  could  not  grow  in  the 
CH3COONH4  solutions  with  a low  pH.  This  has  been  explained  by  the 
change  in  the  existing  ion  species  in  the  solution.  A high  growth  rate  was 
obtained  in  the  solutions  with  a pH  of  7. 0-7.5.  Beyond  a pH  of  7.5,  the 
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growth  rate  falls  again.  The  pH  of  solution  decreased  with  the  increase  in 
temperature,  and  it  reached  6.0  at  200°C.  This  result  suggested  that  H2C03 
was  the  main  dissolved  species  in  the  solution  at  250°C.  When  calcite 
dissolves  in  water,  the  carbonate  ion  must  change  its  ionic  form  to  HC03" 
, which  is  very  essential  for  the  crystal  growth  of  calcite,  whereas  H0C03 
does  not  contribute  to  the  growth  of  calcite  crystals.  The  formation  of  the 
ionic  species  HC03"  has  been  noticed  by  several  workers  like  Kikuta  and 
Hirano  in  the  NH4N03  solutions  from  FT-IR  studies. [174i  This  suggests 
that  calcite  dissolves  in  the  solvent  below  200°C  as  follows: 

NH4N03  + CaC03  + H,0  ->  Ca2+  + HCOy  + NOy  + NH4+  + OH 
2NH4F  + CaC03  + H20  ->  CaF2  + HCOy  + 2NH4+  + OH~ 
(NH4)2  S04  + CaC03  + H20  ->  CaS04  + HCOy  + 2NH4+  + OH" 

This  work  strongly  confirms  that  a small  amount  of  additives  such 
as  phosphate,  sulphate,  borate,  and  ethylene  glycol  effectively  arrested  the 
growth  of  calcite. 


Figure  5.46.  Isobaric  diagram  for  Cf)2.fl6fi| 
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(a) 


(b) 


Figure  5.47.  Solubility  curves  for  calcite  in  different  solvents,  fa)  in  lmNF^NOj 
and  (b)  in  3mNH4N03.[mi 


Solubility  , g|" 
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(a)  1.5mCa(N03)2 

(b)  3mNaCl 


(a)  1.5mCa(N03)2 

(b)  3mNaCl 


Figure  5.48.  Solubility  curves  for  calcite  in  different  solvents. 11681 
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5.7.1  Crystal  Growth 

Solubility  of  calcite  can  be  both  positive  and  negative  for  increas- 
ing C02  pressure  and  increasing  temperatures,  respectively.  Therefore, 
the  growth  of  calcite  crystals  insists  on  a special  experimental  setup. 
Figure  5.49  shows  the  arrangement  of  the  apparatus  designed  by  Ikornikova 
for  growing  calcite  crystals  in  aqueous  solutions  of  CCh,  with  a negative 
temperature  coefficient  of  solubility,  together  with  curves  illustrating  the 
height  distribution  of  temperature  and  C02  concentration.!166]  The  crys- 
tals obtained  by  this  means,  with  seed  crystals  at  the  bottom  and  nutrient  at 
the  top  followed  by  a temperature  gradient  between  the  two  zones  sepa- 
rated through  a baffle,  have  rhombohedral  faces  covered  with  stepped 
pyramids.  Similarly,  Ikornikova  has  designed  another  apparatus  for  syn- 
thesizing calcite  crystals  in  aqueous  solutions  of  carbonic  acid  under 
isothermal  conditions.  The  autoclave  used  is  a rocking  autoclave.  Figure 
5.50  shows  the  schematic  diagram  of  the  apparatus  used  in  the  synthesis  of 
calcite.  The  autoclaves  in  both  the  cases  are  either  glass  or  teflon 
lined. !166k169l  In  this  case,  usually  at  pressure  under  150  kg/cm2,  rhombo- 
hedral calcite  crystals  without  any  pinacoid  are  formed.  The  pinacoid 
appears  on  crystals  formed  at  pressures  greater  than  200  kg/cm2. 


Figure  5.49.  Arrangement  of  the  apparatus  for  the  growth  of  calcite. !166] 
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Figure  5.50.  Schematic  diagram  of  the  apparatus  used  in  the  synthesis  of 
calciteJ166! 


Kinloch  et  al.  (1974)  have  obtained  calcite  single  crystals  in  large 
autoclaves  (23  cm  internal  diameter  x 280  cm  length) — commercial 
production  using  6 M K2C03  mineralizer.  As  K9C03  attacks  autoclaves 
made  of  ferrous  alloys,  the  autoclaves  were  provided  with  cylindrical 
silver  and  platinum  cans.1 1501  The  following  are  the  experimental  condi- 
tions used  by  these  workers: 


Nutrient: 

Seeds: 

Solvent  : 

Nutrient  temperature: 
Seed  temperature  range: 
% Fill: 

Baffle  opening: 
Temperature  gradient: 
Experimental  duration: 
Growth  rate  obtained: 


45  Kg.  of  optical  grade  crystals  of  Mexican 
origin 

Natural  calcite  crystals  cutting  rhombohedra 
with  10-20  cm2  surfaces  and  1-2  cm  thick 

6 m K2C03 
435-445°C 
41 0-425 °C 
86  % (1.72  Kbar) 

8 % 

5 to  10°C 
30  to  50  days 

50  pm/day/face  for  { 101 1 } face 
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Much  of  the  recent  works  on  the  growth  of  calcite  single  crystals 
are  being  carried  out  under  moderate  to  lower  temperatures  (200- 
150°C)  using  several  new  solvents  like  ammonium  nitrate,  ammonium 
acetate,  and  so  on.  The  results  are  far  better  than  crystals  obtained  under 
higher  temperatures  because  of  the  reduced  thermal  strain.  Recent  work- 
ers use  teflon  liners.  A considerable  amount  of  progress  has  been  achieved 
in  the  single  crystal  growth  of  calcite  with  reference  to  the  solubility, 
growth  rate,  reaction  kinetics,  seed  orientation,  morphology,  surface  mor- 
phology, optical  and  laser  quality,  and  so  on.  Figure  5.51  shows  the 
schematic  diagram  of  the  autoclave  for  hydrothermal  crystal  growth  of 
calcite  commonly  used  in  recent  years.  It  is  well  confirmed  that  the 
ammonium  nitrate  and  acetate  solvents  are  more  effective  than  chloride 
solvents  from  the  viewpoint  of  calcite  crystal  growth.  The  calcite  crystals 
dissolve  in  ammonium  nitrate  or  acetate  solutions,  accompanied  by  the 
evolution  of  ammonia.  This  reaction  increases  the  dissolution  of  calcite  in 
the  hydrothermal  solution  which  gives  an  advantage  of  lowering  the 
pressure,  temperature  conditions  of  the  growth,  and  in  turn  facilitates  the 
use  of  teflon  liners.  Great  improvements  are  achieved  by  using  a baffle 
plate  and  band  heater  to  control  the  temperature  gradient  and  the  transport 
behavior.  Fligher  temperature  gradients  give  higher  growth  rates,  espe- 
cially at  higher  growth  temperatures.  Usually  the  growth  rate  varies  from 
25  prn/day  to  213  pm/day.  The  rhombohedral  face  (1011)  is  the  fastest 
growing  face.  Flence,  natural  calcite  crystals  cleaved  at  (1011)  plane  are 
used  generally  as  seed  crystals.  Yanagisawa  et  al.  (1996)  have  obtained 
the  highest  growth  rate  reported  so  far,  for  calcite,  213  pm/day  using 
ammonium  acetate  solvent  at  230°C  and  a temperature  gradient  of  20°C. 
However,  the  optical  quality  of  the  calcite  crystal  was  relatively  poor. 
Only  under  experimental  conditions,  such  as  temperature  gradient  of  15  °C 
and  growth  temperature  of  235  °C,  was  the  growth  of  transparent  calcite 
crystals  achieved  at  57  pm/day.  Figure  5.52  shows  the  hydro  thermally 
grown  calcite  crystals  by  different  authors.  When  as-cleaved  crystals  are 
used,  the  calcite  crystals  obtained  are  usually  opaque  or  not  transparent, 
and  the  surfaces  show  a greater  degree  of  defects  like  growth  hillocks,  a lot 
of  small  secondary  grown  crystals,  and  strains.  The  crystals  grown  on  the 
etched  seed  crystals  are  usually  transparent  and  the  surfaces  are  very 
smooth.  Figure  5.53  represents  the  characteristic  photographs  of  calcite 
single  crystal  grown  in  NH4N03  solution  using  as-cleaved  and  etched 
seeds.  Similarly,  Figure  5.54  represents  the  surface  morphology  of  the 
calcite  crystals  using  as-cleaved  and  etched  seeds.  Recently,  Lee  (1998) 
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has  re-attempted  the  solvent  NH4C1,  first  reported  by  Ikornikova,1  l65i  to 
obtain  calcite  single  crystals1 1751  to  suppress  the  spontaneous  mineralizer. 
It  was  observed  that  the  addition  of  such  an  organic  additive  played  an 
important  role  in  suppressing  the  formation  of  spontaneous  nuclei;  usually 
higher  % fill  (81-83%)  was  selected  in  all  the  experiments  and  the 
pressure-temperature  conditions  were  kept  low.  Hence,  teflon  was  used  as 
the  liner. 


Figure  5.51.  Schematic  diagram  of  the  autoclaved169! 


Figure  5.52.  Hydrothermally  grown  calcite  crystals. I1661 
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Figure  5.53.  Characteristic  photograph  of  calcite  single  crystal  grown  in  NH4N03 
solution. 11681 


Figure  5.54.  Surface  morphology  of  the  calcite  crystals  using  as-cleaved  and 
etched  seeds. [1681 
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5.7.2  Hydrothermal  Hot  Pressing  of  Calcite 

The  hydrothermal  hot  pressing  is  being  applied  in  recent  years  for 
the  solidification  of  CaC03.  The  hydrothermal  hot  pressing  (HHP)  tech- 
nique is  a method  by  which  hard  solid  bodies  of  powders  can  be  produced 
in  a short  time  and  at  a relatively  low  temperature  under  saturated  vapor 
pressure.  This  process  is  very  similar  to  diagcncsis1 1761  in  geology,  there- 
fore, a diagenesis  process,  such  as  for  limestone,  may  be  resurrected  by 
using  this  technique.  The  results,  using  the  hydrothermal  hot  pressing 
technique,  may  bring  in  some  new  information  to  the  sedimentary  process 
and  a new  technology  of  forming  fabrication  processes.  Yamasaki  and 
Weiping  (1993)  have  obtained  CaC03  by  hydrothermal  hot  pressing  with 
sea  water,  and  they  have  designed  a “quasi-diagenesis”  experiment.  Ini- 
tially, the  CaC03  powder  was  synthesized  in  seawater,  and  this  powder 
was  then  solidified  by  the  hydrothermal  hot  pressing  technique.  Various 
ions  of  sea  water,  Cl",  Na+,  K+,  S02'4,  etc.,  were  absorbed  on  the  surface  of 
the  synthesized  CaC03  sample  powder  during  the  precipitation  process, 
and  these  ions  formed  soluble  salts  such  as  NaCl  and  CaS04  under 
hydrothermal  hot  pressing  conditions,  that  is,  the  solubility  of  the  syn- 
thetic CaC03  powder  surface  may  have  increased  rapidly  in  the  presence 
of  CaS04,  and  NaCl  solution  under  hot  pressing  conditions.  Conse- 
quently, it  was  revealed  that  the  small  grains  were  dissolved,  and  then 
recrystallization  occurred,  or  the  grains  adhered  to  the  surface  of  larger 
grains  and  formed  large  grain  growth  during  hydrothermal  hot  pressing. 
The  solidification  process  was  carried  out  by  a dissolution-recrystalliza- 
tion  mechanism  during  the  hot  pressing  process. 

Yamasaki  et  al.  (1993)  have  solidified  the  powders  of  calcium 
carbonate  with  sodium  carbonate  by  mechanical  compression  under  hy- 
drothermal conditions.  The  effects  of  hydrothermal  conditions  such  as 
temperature,  pressure,  and  ratio  of  Ca/Sr  on  the  reaction  process  and 
microstructure  of  the  solidified  bodies  have  been  studied. [1631 

The  growth  of  calcite  single  crystals  is  becoming  very  popular  in 
recent  years  with  the  fast  decrease  in  the  availability  of  natural  calcite. 
Although  the  growth  of  calcite  has  been  better  understood  in  the  last  five 
to  six  years,  still  there  is  no  unanimity  with  reference  to  the  solvent  and 
experimental  conditions.  There  is  no  doubt  that  calcite  crystal  growth  is 
one  of  the  flourishing  and  challenging  topics. 
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5.7.3  Growth  of  Related  Carbonates 

There  arc  several  works  in  the  literature  dealing  with  the  growth 
of  other  carbonates  like  MnC03  (rhodochrosite),  FeC03  (siderite),  CaC03 
(spherocobaltite),  CdC03  (otavite),  NiC03,  and  so  on.  Most  of  these  are 
the  important  carbonate  minerals,  and  their  growth  carries  a great  signifi- 
cance to  the  geological  literature. 

MnC03  (Rhodochrosite).  The  crystallization  of  rhodochrosite 
crystals  takes  place  in  LiCl  solutions  (1-25  wt%)  at  temperatures 
400-450°C,  and  pressure  680-2500  atm.,  the  AT  = 10-50°C.O77]  In  the 
experiments  with  20-25%  LiCl  solutions  at  AT  = 10°C,  T = 430°C,  and  P 
= 960  atm,  Ikornikova  has  obtained  transparent  crystals  of  rhodochrosite 
with  a size  of  5-7  mm. 

FeC03  (Siderite).  The  synthesis  of  siderite  is  slightly  more  diffi- 
cult than  MnC03  having  to  do  with  the  stability  during  the  variation  in  the 
oxygen  potential.  Ikornikova  (1970)  has  obtained  transparent  crystals  of 
FeC03  in  NFI4C1  solutions  at  T=  300-350°C,  P = 600-800  atm  and  PCOl~ 
300  atm.  0?8] 

CaC03  (Spherocobaltite).  The  growth  of  spherocobaltite  crys- 
tals has  been  carried  out  on  the  seeds  in  the  LiCl  solution.  Autoclaves  of 
300  cm3  using  titanium  liners  have  been  used.  Separate  experiments  have 
been  carried  out  in  1.2-1. 7 liter  autoclaves  with  platinum  liners.  Sponta- 
neously grown  crystal  was  used  as  a seed  crystal.  Flowever,  detailed 
studies  on  the  growth  of  spherocobaltite  are  not  known.!177]!178] 

CdC03  (Otavit).  Monocrystals  of  otavit  were  first  obtained  by 
Ikornikova.!177!  Crystals  were  grown  in  LiCl  (5-20%)  and  NH4C1  (1- 
5%)  solutions  in  the  temperature  interval  300-550°C,  AT  = 15-20°,  P 
= 700-900  atm.  The  size  and  quality  of  the  crystals  in  the  growth  zone 
were  regulated  through  the  concentration  of  solution  and  temperature 
gradient. 

NiC03.  Monocrystals  of  carbonate  of  nickel  could  be  obtained  at 
T > 150-500°C  and  P > 1500  atm  using  NiC03,  Ni(OH)0.  During  the 
evolution  of  C02  in  the  autoclave,  the  crystallization  of  NiC03  takes  place 
at  much  lower  pressure  and  NH4C1  (2-10%)  solution.!1791 

Figures  5.55,  5.56,  and  5.57  show  photographs  of  some  selected 
hydrothermally  synthesized  carbonates  in  the  hydrothermal  laboratory  of 
K.  Byrappa. 

The  growth  of  carbonates,  in  general,  is  quite  interesting  academi- 
cally, technologically,  and  geologically. 


Figure  5.55.  ZnC03  crystal. 


Figure  5.56.  SrC03  crystal. 


Figure  5.57.  BaC03  crystal. 


(Photographs  courtesy  of  J.  A.  K.  Tareen  and  B.  Basavalingu.) 
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5.8  HYDROXYAPATITE  (HAp) 

Apatite  is  a common  mineral  in  igneous,  sedimentary  and  rneta- 
morphic  rocks,1 1801  which  has  the  general  chemical  formula  of  A10(BO4)6X2, 
where  A = Ca,  Sr,  Ba,  Fe,  Pb,  Cd,  and  many  rare  earth  elements;  B04  = 
P043-,  V043",  Si044",  As043%  C032-;  X = OH",  Cl",  F , C032-.  Water  exists 
in  different  forms. [I8i][i82]  The  presence  of  the  elemental  phosphorus, 
which  is  a major  component  of  apatite,  was  first  reported  in  the  17th 
century  and  the  phosphorus  in  mineral  pyromorphite  (lead  apatite)  was 
discovered  in  1779. 1183H1841  Since  the  first  synthesis  of  apatite  done  in  the 
middle  of  19th  century, [185]  a lot  of  studies  in  the  geochemical, 
crystallochemical,  biological,  and  other  fields  have  been  carried  out.  In 
fact,  most  of  the  geochemical  and  crystallochemical  studies  were  carried 
out  on  natural  apatites,  whereas  biological  or  other  recent  studies  were 
mainly  done  using  synthetic  apatites.  However,  many  efforts  have  been 
made  to  prepare  large  single  crystals  of  HAp  with  only  limited  success. 
The  interest  in  the  synthesis  of  hydroxyapatite  is  linked  with  its  impor- 
tance as  a major  constituent  of  the  inorganic  component  in  bones  and  teeth 
where  it  occurs  as  tiny  crystals.  Since  it  has  been  recognized  to  be  one  of 
the  best  biocompatible  materials,  there  have  been  many  reports  on  the 
biological  aspects,  [ts6]— [t88]  HAp  crystals  have  selective  adsoiption  ability 
of  proteins  depending  on  crystal  planes  and  are  used  as  an  adsorbent  in 
liquid  chromatography. F89l  Recent  interest  in  the  material  has  spread  to 
the  fields  of  electronics  and  surface  science  (or  adsoiption  chemistry), 
where  sintered  or  powder  HAp  is  expected  to  function  as,  for  example,  gas 
sensors,  catalysts,  and  chromatographic  absorbers.  The  fabrication  pro- 
cessing of  HAp  has  also  progressed  with  the  growing  importance  of  the 
biological  applications  of  HAp  as  artificial  bone  and  teeth.1 190 1 Table  5.16 
gives  the  physico-chemical  properties  of  apatites. i191i  However,  a detailed 
knowledge  of  chemical  and  physical  properties  of  HAp,  including  those 
relevant  to  the  behavior  in  a biological  environment,  depends  on  the 
availability  of  sufficiently  large  single  crystals  of  known  chemical  com- 
position. Even  today  most  of  the  studies  on  chemical  properties,  mechani- 
cal properties,  biological  responses  and  the  prosthetic  application  of  HAp 
are  based  on  polycrystalline  bodies  with  random  crystal  arrangement 
including  sintered  bodies,  powders,  granules  and  coatings. 
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Table.5.16.  Physico-chemical  Properties  of  Synthetic  Hydrothermal  or 
Natural  Fluorapatitc1 191 1 


Properties 

Values 

Comments 

Theoretical 

Formula 

Ca10(PO4)6(OH)2 

composition  varies  with 
sample  preparation 

Space  Group 

P63/m  (hexagonal) 
P21/b  (monoclinic) 

mono.  hexa.  transition 

may  occur  at  ca.  200°C 

Lattice 

Parameters  (LP) 

a = 9.41-9.44  A 
c = 6.84-6.94  A 

large  discrepanices  in  L.P. 
of  'Wet  Chemically’  HAp 

Theoretical 

Density 

3.16  g/cm3 

varies  with  composition 

Moh’s 

Hardness 

3(C03-Ap) 

5(HAp) 

water  and  C03  in  apatite 
lattice  lower  hardness 

Heat  Capacity 

184.07  cal/K.mol 
at  298.16  K950°C 
180.16  cal/K.mol 
at  298.15  K 

“wet”  HAp  following 
calcined  at  “wet”  HAp 
following  calcined  at 
1100°C 

Thermal 

Expansion 

Coefficient 

1 1-14  x 10-6K-‘ 

‘wet’  HAp  expands 
non-linearly 

Melting 

Point 

1614°C 

‘synthetic’  HAp,  hot-stage 
microscope  method 

Surface 

Energy 

S(001)=95±25MPa 

Natural  FAp,  slow  cleavage 
method 

Stiffness 
Coefficient 
at  room  temp 
(Mbars) 

Cl  1=1.434,  C33=1.805 
C44=0.415,  Cl 2=0.445 
C13=0.575,  C66=0.495 

Natural  FAp,  ultrasonic 
pulse  superposition 

Dielectric 

Constant 

7.40-10.47 

varies  with  composition 

Refractive 

Indices 

nw=  1.649- 1.651, 
nc=  1.642- 1.644 

relationship  between  indices 
& composition  is  shown  in 
Ref.  1 

Optical 

Frequency 

2.71  (lie) 
2.69  (_Lc) 

varies  with  composition 
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Daubree  (1851)  was  the  first  to  synthesize  apatite  by  passing 
phosphorus  trichloride  vapor  over  red-hot  rimed185!  Since  then  a number 
of  reports  on  the  preparation  of  HAp  by  various  methods  have  appeared  in 
the  literature,  and  the  results  prior  to  1951  have  been  reviewed  by  Jaffe 
(1951). 11861  Yoshimura  and  Suda  (1994)  have  reviewed  the  preparation 
methods  for  HAp  and  grouped  all  the  methods  into  three  categories,  as 
given  in  Table  5. 17. 11911  First  is  the  conventional  solid  state  reaction 
method  at  high  temperature,  the  second  is  the  wet  chemical  method  at 
relatively  low  temperature  and  the  third,  which  is  a very  important  method 
today,  is  the  hydrothermal  method  using  high-temperature-high-pressure 
aqueous  solutions. 


Table.5.17.  Preparation  Techniques  for  Hydroxyapatite11911 


Techniques 

Starting 

Materials 

Synthetic 

Conditions 

Comments 

Solid  State 
Reaction 

Ca3(P04)2+  CaC03 
C^2^2^7  C3CO3 

900-1300°C, 
usually  with 
water  vapor 

Ca/P-1.67,  large  grain 
size,  irregular  forms, 
inhomogeneous 
flowing 

Wet 

Chemical 

Method 

Ca(N03)2+(NH4)2 

hpo4 

Ca(OH)2+  H3P04 

R.T.-100°C 
pH:  7-12 

Ca/P  < 1.67  fine 
irregular  crystals  with 
low  crysatllinity 
inhomogeneous 

Hydro- 

Thermal 

Method 

wet  chemically 
prepared  HAp, 
other  calcium 
phosphates, 
seeding 

100-200°C 
(1-2  MPa), 
300-600°C 
(1-2  Kbar) 

Ca/P=1.67  homo- 
geneous, fine  single 
crystals  or  large 
crystals 

Gel  Growth 
Method 

Gel  + Ca2+  + P043' 

R.T.-60°C, 
pH:  7-10 

large  Monetite, 
Brushite,  OCP,  but 
small  HAp 

Flux  Growth 
Method 

CaF2,  CaCl2  as  flux 
Ca(OH)2  as  flux 

1325°C 

(FAp.ClAp) 

HAp 

large  crystals  with 
little  lattice  strain 
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The  solid  state  reaction  method  has  generally  been  used  for 
processing  ceramic  powders  and  for  studying  phase  stabilities.  The  pow- 
ders prepared  by  this  method,  however,  usually  have  irregular  forms  with 
a large  grain  size,  and  often  have  heterogeneity  in  composition  due  to 
incompleted  reaction  resulting  from  small  diffusion  coefficients  of  ions 
within  solids. 

The  wet  chemical  method  is  a relatively  easier  method  for  obtain- 
ing HAp.  Besides,  the  reaction  in  any  living  organisms  may  occur  in 
aqueous  solutions  at  low  temperatures.  Many  experiments  on  the  prepara- 
tion of  HAp  by  this  method  have  been  reported  which  investigate  the 
formation  mechanism  of  any  calcium  phosphates  in  vitro,  in  addition  to  in 
vivo.  The  powders  prepared  by  this  method,  however,  do  not  seem  to  be 
appropriate  as  the  stalling  materials  for  ceramics  because  they  are  usually 
less  crystallized,  heterogeneous  in  composition,  and  irregularly  formed. 
Sol-gel,  alkoxide,  and  other  chemical  methods  have  also  been  used.  CVD, 
plasma  spray  method  and  other  (electro)  chemical  methods  have  been 
mainly  used  to  form  HAp  layers  on  substrates. 

The  hydrothermal  method  enables  us  to  prepare  well  crystallized, 
compositionally  homogenous,  uniform  and  easily  sinterable  powders  due 
to  great  effects  of  the  high-temperature-high-pressure  aqueous  solutions. 

The  growth  of  HAp  crystals  has  been  carried  out  by  several  other 
methods  like  the  gel  growth  method.!192]  There  are  several  reports  on  the 
melt  growth  and  flux  growth  of  apatites  of  different  compositions.  Johnson 
(1961)  has  used  the  melt  growth  for  the  preparation  of  single  crystals  of 
apatite  from  the  stoichiometric  melt.  These  crystals  grown  from  the  melt 
at  high  temperatures,  however,  are  usually  severely  strained  due  to  the 
large  temperature  gradients  existing  during  the  growth!193]  Prener  (1967) 
used  the  flux  growth  method,  which  is  an  excellent  method  since  the 
fluxes  like  CaF2,  CaCl2,  and  Ca(OH)2  mixed  with  the  stalling  apatite 
powders  make  lower  liquidus  temperature,  far  below  needed  for  the  melt 
growth  method,  resulting  in  the  production  of  less  strained  apatite  crys- 
tals!194] Recently,  Oishi  and  his  group  have  obtained  chlorapatite  and 
fluorapatite  crystals  by  the  flux  method  using  NaCl,  KF  and  Ca2ClP04 
fluxes!195]-!197]  Masuda  et  al.  (1990)  have  used  the  sol-gel  method  to 
obtain  HAp  from  metal  alkoxides!198]  Brendel  et  al.  (1992)  have  used  the 
polymerized  method  to  achieve  HAp  coatings!1"]  Likewise,  many  other 
methods  are  utilized  in  the  processing  of  apatites.  Thus,  for  the  growth  of 
HAp,  the  volatility  of  water  at  the  necessary  high  temperatures  makes 
hydrothermal  conditions  unavoidable. 
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5.8.1  Crystal  Structure  of  Apatite 

Most  of  the  studies  concerning  the  crystallochemical,  geochemi- 
cal and  phase  stability  related  aspects  of  apatite  have  been  carried  out  on 
natural  or  hydrothermally  synthesized  large  single  crystals.  The  crystal 
structure  of  fluorapatite  (FAp)  was  first  determined  by  Naray-Szabo 
(1930)  and  by  Mehrnel  (1930)  independently.120011201 1 Followed  by  these, 
several  publications  appeared  on  the  structure  of  various  forms  of  apa- 
tite . C202!— [2°4]  The  general  agreement  on  the  crystallographic  aspects  is  as 
follows: 

a ) Apatite  shows  ionic  bonding  character,  and  it  is  made 
up  of  a close  packing  of  large  oxygen  ions,  resulting 
in  the  hexagonal  crystal  systemJ205! 

h ) The  space  group  of  fluorapatite  (FAp)  is  P63/m.  1200]-r2°4] 

c)  Although  the  space  group  of  HAp  is  believed  to  be 
P63/m,  HAp  prepared  at  high  temperature  is  P 21/b 
(monoclinic)  at  room  temperature^200!  nearly  identical 
with  chlorapatite  (ClAp). 

d)  A phase  transition  in  HAp  is  suggested  to  occur 
at  ~ 200°C,  probably  due  to  the  order-disorder 
orientation  at  (OH)"  ions  along  the  c axis.!206!!2071 

5.8.2  Phase  Equilibria 

The  phase  equilibria  in  the  system  Ca0-P205-H.,0  have  been 
extensively  studied  by  the  solid  state  reactions  method  under  atmospheric 
pressure  of  water  vapor  by  Van  Wazer  (1958), [208l  and  in  aqueous  systems 
at  temperatures  lower  than  100°C  by  Brown  et  al.  (1991,  1992). I209!!210! 
Biggar  (1966)  has  studied  the  phase  equilibria  in  the  system  Ca0-P205- 
H^O  in  the  temperature  range  700  to  950°C,  and  P of  1 kbar.121 1 1 Feng  and 
Rockett  (1979)  have  studied  the  system  Ca0-P205-H00  at  200°C3212! 
Figure  5.58  shows  the  Ca(0H)2-Ca3(P04)2-H20  at  1000  bar  with  50  wt% 
H^O.  Skinner  (1974)  found  that  the  field  of  stability  of  hydroxyapatite 
alone  with  water  in  the  triangle  CaO-P,05-H00  was  confined  to  a narrow 
band  joining  the  representative  point  of  stoichiometric  hydroxyapatite  to 
the  water  representative  point  of  the  phase  diagram.  I213!  There  are  several 
other  phase  equilibria  studies  on  the  apatite  system  and  the  reader  can 
refer  to  the  works. I191!!214]  Andrade  et  al.  (1997)  carried  out  a detailed 
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thermodynamic  analysis  of  the  system  Ca-P-H,0  based  on  the  development 
of  the  Eh-pH  and  Pac-pH  (where  PaCa  = -log10aCa)  diagrams  at  different 
temperatures  and  different  activities  of  phosphorous  and  calcium  in  aqueous 
solution.  The  hydroxyapatite  precipitated  at  ambient  temperature  (30°C)  was 
hydrothermally  treated  at  1 50°C. 12151  Figures  5.59-5.63  show  the  Eh-pH 
diagrams  of  the  Ca-P-H90  system  at  25°C  and  300°C,  for  1 .67  molal  activity 
of  the  Ca  and  1 molal  activity  of  pressure  in  the  aqueous  solution.  Figures 
5.6 1 and  5.62  present  the  PaCa-  pH  diagrams  (where  PaCa  = -log10aCa),  for 
the  same  system  with  aCa=  1 .67  aP  and  show  that  the  pH  value  for  the  point 
of  minimum  solubility  of  the  hydroxyapatite  clearly  decreases  with  an 
increase  in  the  temperature  of  the  system.  At  each  temperature  level.  HAp 
predominates  in  the  higher  pH  range,  while  Ca3  (P04)2,  Ca0P,07  and  CaH6Pi  09 
have  their  predominate  pH  range  successively  in  the  more  acid  direction.  The 
stability  of  the  calcium  phosphates  at  higher  temperatures  can  be  seen  in  Fig. 
5.63.  The  equation  numbers  indicated  in  Fig.  5.63  refer  to  the  following 
reactions: 

(1)  3CaHP04  (c)  = Ca3(P04)2  (c)  + H3P04  (c.l) 

(2)  3CaH2P04  (c)  - Ca3(P04)2  (c)  + 4H3P04  (c.l) 

(3)  Ca10H2P6O26  (c)  = 3 Ca3(P04)2  (c)  + CaO  (c)  + H20  (g) 

(4)  CaH5P06  (c)  = CaHP04  (c)  + 2H20  (g) 

(5)  CaH6P209  (c)  = CalH.PO,),  (c)  + H20  (g) 

The  Eh-pH  and  PaCa-pH  diagrams  have  shown  that  HAp  may  be 
obtained  at  both  atmospheric  and  hydrothermal  conditions. 


Figure  5.58.  Phase  diagram  of  Ca(0H)2-Ca3(P04)2-H20  system. 


Eh  (V) 
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Figure  5.59.  Eh-pH  diagram  of  the  Ca-P-H20  system  at  25°C  for  1.67  molal 
activity  of  Ca  and  aCa=1.67  aP3215l 


Figure  5.60.  Eh-pH  diagram  of  the  Ca-P-H20  system  at  300°C  for  1.67  molal 
activity  of  Ca  and  aCa=1.67  aP3215l 
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Figure  5.61.  PaCa-pH  diagrams  of  the  Ca-P-H20  system  at  25°C  for  ac.  = 1.67 
a,,.1’151 


Figure  5.62.  PaCa-pH  diagrams  of  the  Ca-P-H,0  system  at  300°C  for 

aCa=1.67aP.[2i5] 
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Figure  5.63.  Free  energy  of  reaction  against  temperature  for  some  calcium 
phosphates  according  to  Eq.  (1)  to  Eq.  (5)  for  water  vapor  fugacity  equal  to  0.03 
atm,  except  for  the  dashed  line,  Eq.  (3),  which  corresponds  to  water  vapor 
fugacity  equal  to  1.0  atmd215i 


5.8.3  Crystal  Growth 

There  are  a large  number  of  publications  on  the  preparation  of 
large  HAp  single  crystals.  Table  5.18  gives  the  representative  works  on 
the  hydrothermal  synthesis  of  HAp  large  single  crystals.  1218H225]  Morey 
and  Ingerson  (1937)  first  attempted  the  hydrothermal  synthesis  of  HAp 
crystals. [216]  Since  then,  several  reports  have  appeared  in  the  literature. 
Roy  (1971)  grew  prismatic  single  crystals  of  HAp,  up  to  4 mm  length 
hydro  thermally,  from  melts  in  the  system  3CaO-P,05-Ca(OH)0  and  3CaO- 
P205-Ca(0H)2-H20.[221]  Mengeot  et  al.  (1973)  first  succeeded  preparing 
HAp  single  crystals  of  up  to  7 x 3 x 3 mm  in  size  by  controlling  the 
temperature  gradient.12221  This  work  also  revealed  for  the  first  time  that 
HAp  exhibited  retrograde  solubility  in  hydrothermal  fluids  between  300°C 
and  670°C  under  pressure  of  3 kbar  to  4 kbar.  With  the  appearance  of  this 
report,  most  of  the  researchers  placed  nutrients  at  the  cooler  zone.  Here, 
dissolution  occurs  and  HAp  crystals  grow  at  the  hotter  region  where  the 
seed  crystals  are  placed.  This  arrangement  facilitated  the  growth  of  larger 
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HAp  single  crystals.  However,  the  preparation  of  large  single  crystals  of  HAp 
has  encountered  several  difficulties  such  as  the  tendency  to  incorporate 
impurities,  the  stability  of  nonstoichiometric  composition,  and  the  restricted 
field  of  crystallization  in  the  phase  diagram  Ca0-P205-H20,  where  HAp  and 
H20  only  exist. 


Table  5.18.  Hydrothermal  Synthesis  of  Hydroxyapatite  Large  Single 
Crystals[191] 


Starting 

Materials 

Synthetic 

Conditions 

Comments 

CaHP04 
wet  chemically 
prepared  HAp 

300°C  1250  lb/in2, 
for  10  days 
500°C,  354  bars, 
for  10  days 

0.3  mm  in  length 
2.35  mm  in  length, 
0.2  mm  in  diameter 

CaHP04 

350°C,  100  MPa 

2 mm 

Ca3(P04)2Ca(OH)2 

or 

Ca3(P04)2Ca(0H)2 
-H20  system 

15000  psi, 
held  at  850-900°C, 
then  cooled  20°C/h. 
to  ~750°C,  quenched 

4 mm  in  length 

synthesized  HAp 
as  nutrient  & HAp 
seed 

300-670°C, 
45000-60000  psi 

7 x 7 x 3mm.  identify 
the  retrograde  solubility 
of  HAp 

Ca3(P04)2Ca(0H)2 
-CaC03-H20 
system,  Ca(OH), 
as  flux 

oscillating  temperature 
technique,  750-800°C, 
14500-17500  psi 

8 x 0.5  mm 

CaHP04-2H20 

100-300°C,  2 kbar 

0. 1 mm 

wet  chemically, 
followed  by 
Soxhlet  extracted 
HAp 

430-500°C,  2 kbar 

3.5  mm,  check  the 
retrograde  solubility 
of  HAp 
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In  the  recent  years,  Ito  and  his  group  have  done  excellent  work  on 
the  single  crystal  growth  of  HAp. 1226112271  Single  crystals  of  carbonate- 
containing  HAp  have  been  grown  hydrothermally  by  gradually  heating 
with  a temperature  gradient  applied  to  the  vessel,  using  CaHP04,  H,0  and 
carbon  dioxide  as  dry  ice.  The  hydrothermal  reaction  for  the  formation  of 
HAp  can  be  written  as  follows: 

10CaHPO4  + 2H20  ->  Ca10  (P04)6  (OH),  + 4H3P04 

Crystal  growth  experiments  were  performed,  slowly  hydrolyzing 
CaHP04  by  gradually  heating  a pressure  vessel  with  a temperature  gradi- 
ent applied. 

Kikuchi  et  al.  (1994)  have  obtained  Sr-substituted  HAp  crys- 
tals of  size  0.2  x 0.2  x 5 mm3  under  hydrothermal  conditions!228]  The 
stalling  materials  such  as  calcium  and  strontium  hydrogen  phosphate 
(SrHP04)  were  gradually  heated  with  a temperature  gradient.  The 
crystal  growth  occurred  at  low  pH. 

In  most  of  the  works,  the  effects  of  C032-  on  the  morphology  of 
the  crystals  have  been  reported:  needle-like  crystals  are  predominant  if  the 
carbonate  content  is  higher  than  0.1%,  whereas  equiaxial  crystals  occur  if 
the  carbonate  content  is  below  0.1%.  Hata  et  al.  (1983)  synthesized  Cd 
hydroxyapatite  single  crystals,  partly  substituted  with  the  first  series 
transition  elements  for  Cd  ion,  to  investigate  the  substitution  effects  on  the 
crystal  growth  and  structural  changes!229]  These  crystals  form  a super- 
structure of  pure  Cd  HAp.  Nagata  et  al.  (1995)  have  studied  the  synthesis 
of  HAp  crystals  in  the  presence  of  methanol  and  studied  the  morphologi- 
cal variations  in  HAp  crystals!230]  It  was  found  that  the  products  obtained 
from  the  slurries  without  methanol  were  rod-like  or  granular  crystals. 
Addition  of  methanol  to  the  slurries  caused  an  increase  in  the  ratio  of 
plate-like  crystals  to  rod-like  crystals  or  granular  crystals.  When  the 
weight  of  methanol  added  was  equal  to  the  weight  of  the  slurries,  only 
plate-like  crystals  were  obtained. 

Although  several  workers  have  reported  a negative  temperature 
coefficient  of  soluble  for  HAp,  but  there  is  no  systematic  study  either  on 
the  experimental  or  theoretical  side.  In  this  respect,  Vereecke  et  al.  (1990) 
reported  the  calculation  of  the  solubility  diagrams  and  the  effects  of  some 
parameters  such  as  T (<  100°C),  pH;  partial  CO,  pressure,  and  ionic 
strength!231]  According  to  this  report,  the  solubility  of  HAp  is  lowered 
with  temperature  indicating  the  retrograde  solubility  of  HAp  below  100°C. 
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Onuma  et  al.  (1998)  and  Kanzaki  et  al.  (1998)  have  carried  out  the 
direct  growth  rate  measurement  of  HAp  single  crystals  by  Moire  phase 
shift  interferometry  and  AMF.l232k233]  They  carried  out  direct  investiga- 
tions of  the  growth  kinetics  for  each  crystal  face  of  HAp.  It  was  found  that 
the  fl-face  grew  by  step-flow  combined  with  two-dimensional  nucleation, 
and  the  rate-determining  process  of  the  growth  was  found  to  be  the 
incorporation  of  a growth  unit  at  the  step  front,  from  the  measurement  of 
step  velocities.  The  growth  rate  of  the  a- face  was  estimated  to  be  of  the 
order  of  10-4  nm/s  from  the  step  advancing  rate.  This  value  is  about  3-4 
orders  of  magnitude  smaller  than  those  for  soluble  inorganic  crystals. [2321 
In  contrast,  the  growth  kinetics  of  HAp  (0001),  c- face,  remain  unclear. 
These  authors  have  concluded  that  the  volume  diffusion  process  for 
growth  is  strong  during  the  initial  stages.  It  is  believed  that  a strong  bond 
site  exists  in  the  [0001]  direction  and  there  is  no  strong  bond  site  in  the 
[1010]  direction,  which  makes  the  rate-determing  process  between  c-  and 
rt-faccs  different.  Figure  5.64  shows  the  carbonate-containing  hydroxya- 
patite single  crystals  grown  on  the  polycrystalline  hydroxyapatite  disk  and 
Fig.  5.65  shows  carbonate-containing  hydroxyapatite  single  crystals. 


Figure  5.64.  Carbonate-containing  hydroxyapatite  single  crystals  grown  on  the 
polycrystalline  hydroxyapatite  disk.  (Photo  courtesy  of  A.  Ito.) 
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Figure  5.65.  Carbonate-containing  hydroxyapatite  single  crystals.  (Photo  cour- 
tesy of  A.  Ito. ) 


Like  zeolites,  hydroxyapatite  is  also  an  important  technological 
material  owing  to  its  widespread  applications  attracting  the  attention  of 
sicentists  from  interdisciplinary  branches  of  science — including  physi- 
cists, chemists,  ceramists,  medical  doctors,  engineers,  and  so  on.  Also, 
three  International  Symposiums  on  Apatite  have  been  held.  The  impor- 
tance of  this  material  as  a biomaterial,  composite  material,  whiskers,  fine 
particles,  and  so  on,  are  discussed  in  Ch.  10. 
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Hydrothermal  Synthesis 
and  Growth  of  Zeolites 


6.1  INTRODUCTION 

Zeolites  form  an  important  group  of  hydrated  aluminosilicate  miner- 
als of  the  alkalies  and  alkaline  earths,  with  an  infinitely  three-dimensional 
anion  network  and  with  the  atomic  ratio  0:(A1  + Si)  = 2.  The  history  of 
zeolites  began  with  the  discovery  of  stilbite  in  1756  by  a Swedish  mineralo- 
gist, A.  F.  Cronstedt,  who  heated  this  silicate  mineral,  which  fused  readily 
with  marked  intumescence.  The  name  zeolite  signifies  boiling  stone,  the 
meaning  derived  from  the  two  Greek  terms,  z ein,  to  boil,  and  lithos,  stone, 
an  allusion  to  the  intumescence  of  most  zeolites  with  a borax  lead,  and  refers 
to  the  frothy  mass  which  will  result  when  a zeolite  is  fused  in  the  blowpipe. 
Volatile  zeolitic  water  forms  bubbles  within  the  sinter  or  meltJ1^2! 

Zeolite  minerals  were  first  recognized  as  minor,  but  were  later 
regarded  as  widespread  components  in  amygdales  and  fissures,  chiefly  in 
basic  volcanic  rocks.  They  are  also  found  in  veins  and  other  later-stage 
hydrothermal  environments.  Big  crystals  of  zeolites  can  develop  in  these 
amygdales  and  fissures  through  the  mineralizing  action  of  trapped  or  circulat- 
ing solutions  on  the  alkaline  matrix.  It  is  these  crystals  which,  because  of  their 
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beauty  and  diversity  of  form,  usually  comprise  zeolite  collections.  FI 
Zeolites  arc  also  found  in  some  igneous  rocks  and  occur  as  alteration  products  of 
aluminosilicates,  such  as  the  felspars  or  felspathoids.  Their  occurrence  is  not 
just  restricted  to  basalt  matrices,  although  the  scale  and  variety  of  natural 
depositions  has  been  appreciated  only  over  the  last  three  decades.  They 
occur  as  authigenic  minerals  in  sandstones  and  other  sedimentary  rocks. 
Loew  (1875)  reported  chabazite  in  a sedimentary  tuff  bed  near  Bowie, 
Arizona. Similarly.  Murray  and  Renard  (1891)  reported  the  presence  of 
zeolites  in  marine  sediments.  Several  kinds  of  zeolites  were  identified  by 
Coombs  (1954). I5! 

6.2  MINERALOGY  OF  ZEOLITES 

Zeolites  belong  to  the  tectosilicates  group  covering  the  felspars  and 
felspathoid  family  of  minerals.  However,  the  structure  of  felspars  is  a more 
compact  framework,  with  or  without  relatively  small  cavities.  Thus,  the 
cations  and  framework  are  strongly  interdependent  so  that  the  cations  cannot 
easily  move  unless  framework  bonds  are  broken,  and  replacement  of  Na  or 
K by  Ca  necessarily  involves  a change  in  the  Si:  A1  ratio,  whereas  the  structure 
of  felspathoids  have  more  open  framework  so  that  the  ions  can  be  moved, 
removed,  or  interchanged  through  the  channels/cavities  without  disturbing 
the  framework.  The  cavities  are  usually  filled  with  water  molecules. 

Finally,  the  zeolites’  structures  contain  larger  cavities/channels  and, 
therefore,  many  exhibit,  to  a greater  extent,  the  properties  of  ion  exchange 
and  molecular  adsoiption.  Further,  these  cavities  or  channels  in  zeolites  are 
usually  filled  with  water  molecules.  These  are  relatively  loosely  bound  to  the 
framework  and  cations  and,  like  the  cations,  these  can  also  be  removed  and 
replaced  without  disrupting  framework  bonds.  Accordingly,  the  felspars  are 
anhydrous  aluminosilicate  minerals  with  a density  of  2. 6-2. 7,  followed  by 
felspathoids  (density  2. 3-2. 5)  and  zeolites  (density  2-2.3).  The  hardness 
decreases  from  felspar  to  the  zeolite  end  of  the  minerals  owing  to  the  above 
stated  structural  features.  Thus,  the  characteristic  feature  of  zeolite  mineral- 
ogy is  the  presence  of  OH-  molecules  in  the  structural  channels,  which  are 
loosely  bonded  to  the  cation  framework.  The  cations  can  be  removed  and 
replaced  by  other  metals  without  disrupting  framework  bonds. 

There  are  over  46  naturally  occurring  zeolite  minerals,  belonging  to 
some  major  structure  types.  The  channel  systems  in  various  zeolites  are 
formed  by  different  combinations  of  linked  rings  of  tetrahedra.  The  wider  the 
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channels  at  their  narrowest  parts,  the  larger  the  cation  that  can  be  introduced 
into  the  structure.  A grading  of  the  zeolites  according  to  the  openness  of 
structure  is  given  in  Table  6.1. 


Table  6.1. Numbers  of  Tetrahedra  in  Rings  and  Approximate  Diameters  of 
Channels  in  Various  Felspathoids  and  Zeolites 


Minerals 

No.  of  Tetrahedra 
in  Rings 

Minimum  Diameter 
of  Widest  Channel 

Sodalite,  Nosean 

4 and  6 

2.2  A 

Analcite4  and  6 

2.2  A 

Harmotome,  Phillipsite 

4 and  8 

3.2  A 

Levyne 

4,  6,  and  8 

3.2  A 

Erionite 

4,  6,  and  8 

3.6  A 

Chabazite 

4,  6,  and  8 

3.9  A 

Heulandite 

5,  6,  and  8 

— 

Gmelinite 

4,  6,  8,  and  12 

6.4  A 

Faujasite 

4,  6,  and  12 

9 A 

When  zeolites  are  heated,  water  is  given  off  continuously  rather  than 
in  separate  stages  at  definite  temperatures  and  the  dehydrated  or  partially 
dehydrated  mineral  can  reabsorb  water  to  its  original  amount  when  it  is  again 
exposed  to  water  vapor.  Dehydrated  zeolites  can  also  absorb  other  liquids  or 
vapors  in  place  of  water,  e.g.,  ammonia,  alcohol,  N02,  HiS,  etc.  The  base- 
exchange  properties  of  zeolites  were  first  reported  by  Eichorn  (1858)  and 
have  been  reviewed  by  Hey  (1930)  who  also  investigated  in  detail  the  base- 
exchange  of  various  members  of  the  group. The  colloidal  properties  of 
the  zeolites  have  been  reviewed  by  Marshall  (1949). McBain  (1954) 
introduced  a new  term,  molecular  sieve,  to  zeolites  to  describe  porous 
materials  which  can  act  as  sieves  on  a molecular  scale,  not  just  limited  to 
aluminosilicate  zeolites  but  to  a large  number  of  other  zeolites  like 
alumniophosphate  zeolites,  vanadophosphosphate  zeolites,  titanophosphate 
zeolites,  etc.191  The  zeolites  and  related  materials,  like  phosphate-based 
molecule  sieves,  are  microporous  solids  with  a broad  range  of  physicochemi- 
cal properties,  which  are  listed  in  Table  6. 2. 1 1(11 
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Table  6.2.  Physicochemical  Properties  of  Zeolites  and  Molecular  Sieves1 1(11 


Property 

Range 

Pore  size 

-4-13  A 

Pore  shape 

Circular,  elliptical 

Dimensionality  of  pore  system 

1-D,  2-D,  3-D 

Pore  configuration 

Channels,  cages 

Surface  properties 

Hydrophilic,  hydrophobic  (high  silica) 

Void  volume 

Less  than  -50% 

Framework  oxide  compostion 

Si,  Al,  P,  Ga,  Ge,  B,  Be,  Zn:minor 
Ti,  Fe,  Co,  Cr,  V,  Mg,  Mmminor 

The  commercial  success  of  molecular  sieves  is  largely  due  to  the 
continual  discovery  of  new  materials  whose  diverse  properties  have  allowed 
process  improvements  and  the  development  of  new  technologies.  Thus,  the 
ability  to  control  the  materials’  properties  through  synthetic  efforts  has  been 
and  will  continue  to  be  of  paramount  importance.  Davis  and  Lobo  ( 1992)  and 
Feijen,  et  al.  (1994)  have  reviewed  the  recent  applications  of  zeolites.  I10!!11! 
Accordingly,  the  zeolites  are  no  longer  of  interest  to  only  those  who  are 
working  in  ion  exchange.  Distinction  between  the  microscopic  structure  and 
the  macroscopic  properties  of  these  materials  allows  one  to  use  molecular 
sieves  to  recognize,  discriminate,  and  organize  molecules  with  a precision 
that  can  be  < 1 A.  Also,  it  has  expanded  to  other  exciting  areas  such  as 
supramolecular  catalysis,  photochemistry,  nanochemistry,  and  electrochem- 
istry. In  this  chapter,  the  major  developments  in  the  field  of  zeolites,  covering 
aspects  of  their  crystallization  mechanism  and  applications,  are  discussed. 


6.3  CRYSTAL  CHEMISTRY  OF  ZEOLITES 

There  are  46  known  zeolite  minerals  in  nature  and  over  150 
synthetic  zeolites  known  in  the  literature.  The  number  of  synthetic  zeolites  is 
increasing  day  by  day,  particularly  after  the  discovery  of  aluminophosphate 
zeolites  by  Wilson  et  al.  (1982). [121  Despite  the  remarkable  structural 
diversity  in  aluminophosphate  zeolites,  the  product  compositions  are  very 
similar: 


xR  + A1203  + (1. 0-0.2)  P205  + yH20 
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where  R is  an  amine  or  quaternary  ammonium  ion.  This  organic  species 
seems  to  exert  a unique  structure  directing  influence  during  crystallization  of 
zeolites.  Actually,  when  the  first  atlas  of  zeolite  structure  types  was  published 
in  1970,  some  twenty-seven  zeolite  structure  types  were  reported.!13!  During 
1978,  the  structure  commission  of  IZA  published  about  thirty-eight  entries  in 
th  e,  Atlas  of  Zeolite  Structure  Types  by  Meier  and  Olson.1 141  Later,  in  1987, 
the  2nd  edition  of  Atlas,  comprising  sixty-four  structure  types,  was  pub- 
lished.05]  The  3rd  edition  of  theAtlasin  1992,  compiled  by  Meier  and  Olson, 
covers  up  to  1991  and  carries  about  85  entries  of  zeolite  structure  types.1 161 
The  Atlas  has  become  a frequently  quoted  work  of  reference  and  such  a 
publication  has  to  be  frequently  updated.  The  current  4th  edition  of  the 
Atlas  has  ninety-eight  entries  of  zeolite  structure  types  covering  data 
through  the  end  of  1995T17]  When  new  structure  types  are  reported,  the 
commission  publishes  them  on  the  world  wide  web  in  Europe:  (http:// 
www.IZA-SC.ETHZ.CH/IZA-SC/)  and  on  a mirror  site  in  North  America: 
(http://www-IZA-SC.CSB.YALE.EDU/IZA-SC/). 

There  are  several  zeolites’  structure  types  reported  from  phosphates, 
and  they  apparently  constitute  two  distinctive  categories  of  microporous 
materials.  The  microporous  zeolite  type  materials  are  listed  in  Table  6.3  317! 

The  primary  building  block  of  the  zeolite  structure  is  a tetrahedron 
of  four  oxygen  atoms  surrounding  a central  Si  atom  (Si04).  These  are 
connected  through  their  corners  of  shared  oxygen  atoms  to  form  a wide  range 
of  small  secondary  building  units.  They  are  interconnected  to  form  a wide 
range  of  polyhedra,  which  in  turn  connect  to  form  the  infinitely  extended 
frameworks  of  the  various  specific  zeolite  crystal  structures.  Different 
combinations  of  the  same  secondary  building  unit  may  give  numerous 
distinctive  structural  polyhedra  formed  from  smaller  ring  units.  The  net 
negative  charge  on  the  framework  is  balanced  by  the  presence  of  cations,  in 
most  cases  Ca,  Na,  or  K,  which  are  situated  in  cavities  within  it.  The  zeolite 
framework  is  structurally  almost  independent  of  the  (Na,  Ca,  K)  cations,  and, 
as  the  latter  do  not  fill  all  the  cavities,  replacements  of  the  type  Ca<->2(Na,K) 
can  also  occur.  Figures  6.1  and  6.2  show  the  basic  structure  of  zeolite 
frameworks.  1 18  H 19 1 The  structural  complexity  of  zeolites  is  because  of  the 
various  ways  in  which  the  tetrahedral  groups  are  linked  by  the  common 
sharing  of  oxygen  ions  to  form  polynuclear  complexes.  Considerable  varia- 
tion in  the  chemical  composition  results  from  the  substitution  of  cations, 
such  as  those  listed  in  Table  6.4319!  They  give  rise  to  zeolite  and  zeolite  like 
materials  of  a very  wide  diversity.  Thus,  some  simple  criteria  are  used  to 
establish  the  zeolite  frameworks.  The  most  important  one  is  the  frame- 
work density  (FD),  which  means  the  number  of  T-atoms  (temperature 
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atoms)  per  1000  A3.  Figure  6.3  (a)  and  (b)  show  the  distribution  of  these 
values  for  porous  and  dense  frameworks  whose  structures  are  well  estab- 
lished.!2^ in  Fig.  6.3(a),  a distinct  gap  between  zeolite  type  and  dense 
tetrahedral  framework  structures  is  seen.  The  boundary  ranges  from  just 
under  20  to  over  2 1 T- atoms  per  1000  A3,  depending  on  the  type  of  smallest 
rings  present.  Figure  6.3(b)  shows  the  correlation  between  pore  size  of 
molecular  sieves  and  the  diameter  (a)  of  various  molecules.  While,  for 
zeolites,  the  observed  values  range  from  about  11.1,  for  structures  with  the 
largest  pore  volume,  to  around  20.5.  To  date,  framework  densities  of  less 
than  twelve  have  only  been  encountered  for  interrupted  framework,  like  in 
cloverite,  and  hypothetical  networks.!21!!22]  The  framework  density  is  obvi- 
ously related  to  the  pore  volume,  but  does  not  reflect  the  size  of  the  pore 
openings,  and  to  some  extent  it  depends  on  the  composition  for  structural  and 
chemical  reasons.  The  list  of  zeolite  structure  types  also  comprises  inter- 
rupted frameworks  of  zeolite-like  materials,  provided  the  framework  atoms, 
other  than  oxygen,  are  tetrahedrally  coordinated,  at  least  in  the  calcined  form. 


Table  6.3.  Microporous  Zeolite-Type  Materials!171 


Silicates 

Both  Silicates 
and  Phosphates 

Phosphates 

AFG 

LOV 

RSN 

ABW 

AEI 

*BEA 

LTL 

RTE 

AFI 

AEL 

BIK 

LTN 

RTH 

ANA 

AET 

BOG 

MAZ 

RUT 

AST 

AFO 

BRE 

MEI 

SGT 

BPH 

AFR 

CAS 

MEL 

sn 

CAN 

AFS 

-CHI 

MEP 

THO 

CHA 

AFT 

CON 

MER 

TON 

ERI 

AFX 

DAC 

MFI 

VET 

FAU 

AFY 

DDR 

MFS 

VNI 

G1S 

AHT 

DOH 

MON 

VSV 

LAU 

APC 

EAB 

MOR 

WEI 

LEV 

APD 

EDI 

MTN 

-WEN 

LOS 

ATN 

EMT 

MTT 

LTA 

ATO 

EPI 

MTW 

RHO 

ATS 

EUO 

NAT 

SOD 

ATT 

EER 

NES 

ATV 

(All 

NON 

AWW 

GOO 

OFF 

-CLO 

HEU 

PAR 

DFO 

JBW 

PAU 

VH 

KFI 

PHI 

WEI 

IiO 

-RON 

ZQN 
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Figure  6.1. 


Basic 


Table  6.4.  Coordination  of  Cation  with  Oxygen  in  Silicate  Structures [19] 


Ion 

Radius  (A) 

Radius  Ratio 

Coordination  No. 

Bond  Strength 

B+3 

0.20 

0.20 

3,4 

1 or  3/4 

Be+2 

0.31 

0.25 

4 

v2 

Li+ 

0.60 

0.34 

4 

% 

Si-14 

0.41 

0.37 

4,6 

1 

p+5 

0.34 

0.34 

4,6 

5/4  or  5/6 

Al+3 

0.50 

0.41 

4,5,6 

3/4  or  V2 

Ge-4 

0.44 

0.43 

4,6 

1 or  2/3 

Ga+3 

0.62 

0.46 

4,6 

3/4  or  V2 

Mg+2 

0.65 

0.47 

6 

% 

Na+ 

0.95 

0.54 

6,  8 

% or  V8 

Ca+2 

0.99 

0.67 

7,  8,9 

% 

K+ 

1.33 

0.75 

6,  7,  8,9,  10,  12 

% 

nh4+ 

1.50 

0.85 

9,  12 

V9  or  V12 
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FD 


3+  44+5  5+6 


(a) 


LOV 

MEI 


Size  of  smallest  rings 

-CHI  y 

APD 

ATO 

ABW 

ANA 

YUG 

-PAR 

MON 


APC  ATN 

ATV 

LAU 

MTW 

GOO 

NON 

BRE  AFI 

AEL 

SOD 

AFO 

-WEN 

JBW 

CAN  ATT  AWW 

DOH 

CAS 

LTD  ATS  BPH 

EUO  MFS 

BIK 

MAZ 

EPI 

MTT 

MER 

MFI 

TON 

AFG  LOS 

SGT 

MEP 

PHI  LIO 

MEL  NES 

MTN 

ERI  -ROG  BOG 

DDR  AET 

FER 

PAU  OFF 

DAC 

LTN  LEV  AFT 

MOR 

AFR 

HEU 

AEI 

STI 

KFI  GIS 

AST 

GME  CHA 

*BEA 

EDI  NAT  EAB 
THO 
RHO 
VFI 
AFS 
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AFY 
-CLO 


Figure  6.3.  (a)  Distinct  gap  between  zeolite  type  and  dense  tetrahadral  frame- 
work structure. (b)  Correlation  between  pore  size  of  molecular  sieves  and 
the  diameter  (a)  of  various  molecules.1 
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Figure  6.3.  ( Cont’d .) 


The  chemistry  of  zeolites  is  based  on  the  tetrahedron  (T04),  where, 
T = Si,  A1  or  P.  However,  zeolites  are  so  diverse  that  secondary  structural 
units  based  on  small  grouping  of  linked  tetrahedra,  are  needed  in  describing 
and  systematizing  their  topologies.  A detailed  structural  classification  of 
natural  and  synthetic  zeolites  has  been  proposed  by  several  workers,  like 
Breck  (1974),  Smith  (1974),  and  Barrer  (1981)d181[211[22]  However,  Meier 
(1968)  was  the  first  to  propose  a classification  based  on  second  building  units 
contained  in  the  structured231  The  classification  based  upon  secondary 
building  units  (SBU)  is  given  below.  Table  6.5  gives  the  building  units  in 
zeolite  structures  d241  Some  of  the  synthetic  zeolites  are  structurally  related  to 
minerals  and  are  included  in  the  above  classification;  however,  for  many  of 
the  synthetic  zeolites  structures  are  not  known,  therefore,  in  many  cases  the 
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framework  may  be  considered  as  made  up  of  larger  polyhedral  units,  such  as 
the  truncated  cubo-octahedron  (a-cage),  truncated  octahedron  (b-cage), 
double  8 with  4 ring  bridges  (g-cage),  double  8 ring  (d-cage)  and  can 
crinitcJ 161 


Group 

Secondary  Building  Units 

1 

Single  4 ring  (S4R) 

2 

Single  6 ring  (S6R) 

3 

Single  8 ring  (S8R) 

4 

Double  4 ring  (D4R) 

5 

Double  6 ring  (D6R) 

6 

Double  8 ring  (D8R) 

7 

Complex  4- 1 , T50  j o unit 

8 

Complex  5-1,  T8016unit 

9 

Complex  4-4- 1 , T l O02o  unit 

Table  6.5.  Building  Units  in  Zeolite  Structures [23] 

Primary  building  units  (PBU) 

Tetrahedra  (T04) 

Tetrahedra  of  four  oxygen  ions 

with  a central  ion  of  Si+,  Al+, 
P+,  etc. 

Secondary  building  units  (SBU) 

Single  rings: 

S-4,  S-5,  S-6,  S-8,  S-10,  S-12 

Double  rings:  D-4,  D-6,  D-8 

Larger  symmetrical  polyhedra 

Truncated  octahedron  (T.O.)  or 

sodalite  unit. 

11-hedron  or  cancrinite  unit. 

14-hedron  or  gmelinite  unit. 

Qinhua  and  Aizhen  (1990)  have  summarized  the  structure  of 
zeolites  as  follows:  the  primary  building  block  (Si04)4"  tetrahedron  (Fig.  6.4 
a)  and  the  tetrahedra  are  connected  through  their  corners  of  shared  oxygen 
atoms  to  form  a wide  range  of  small  secondary  building  units  (Fig.  6.4Z?).[25] 
They  are  interconnected  to  form  a wide  range  of  polyhedra  (Fig.  6.4  c), 
which  in  turn  connect  to  form  the  infinitely  extended  frameworks  of  the 
various  specific  zeolite  crystal  structures.  In  Figs.  6.4  a-d,  showing  the 
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structure  of  zeolites,  the  corners  of  the  polyhedra  represent  Si  or  A1  atoms 
and  the  connecting  lines  represent  the  shared  oxygen  atoms.  Individual 
structures  may  comprise  only  one  basic  unit  or  many  of  them.  A record  is 
held  by  the  mineral  paulingite,  which  contains  five  such  polyhedra. 


(a)  Primary  Units 


66  &>  A 


• Si4+,  AJ3+,  etc. 
OOr 


(b)  Secondary  Units  / / 


(c)  Tertiary  Units  or 
Building  Polyhedra 


Figure  6.4.  Development  of  zeolite  structures.1251 


Different  combinations  of  the  same  secondary  building  unit  may 
give  numerous  distinctive  zeolite  structures.  Figure  6.5  shows  an  example  of 
three  different  zeolites  that  have  the  same  structural  polyhedron  (cubo- 
octahedron),  but  probably  form  from  smaller  ring  units. 

The  IUPAC  commission  on  zeolite  nomenclature  has  framed  rules 
and  designations  consisting  of  three  letters  that  have  been  used  through  the 
assignment  of  structure  type  codes. [26]  This  is  subjected  to  review  and 
clearance  by  the  IZA  Structure  Commission  according  to  a decision  of  the 
IZA  Council  (taken  at  the  time  of  the  7th  IZC  in  Tokyo,  1986).  These 
mnemonic  codes  should  not  be  confused  or  equated  with  actual  materials. 
Structure  types  do  not  depend  on  composition  distribution  of  the  various 
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possible  temperature  atoms  (Si,  Al,  P,  Ga,  Ge,  B,  Be,  etc.),  cell  dimensions, 
or  symmetry.  The  codes  are  generally  derived  from  the  names  of  the  type 
materials  and  they  do  not  include  numbers  and  characters  other  than  capital 
Roman  letters.  Structural  criteria  alone  does  not  provide  an  unambiguous 
numbering  scheme,  therefore,  to  facilitate  later  additions  and  simple  index- 
ing, the  structure  types  have  been  arranged  in  alphabetical  order  according  to 
the  structure  type  codes.  For  interrupted  frameworks,  the  three-letter  code  is 
preceded  by  a hyphen  for  each  structural  type,  the  information  given  in  bold 
type  also  includes  the  full  type  name,  the  maximum  topological  symmetry 
(i.e.,  the  highest  symmetry  special  group),  a listing  of  the  topologically  distinct 
temperature  atoms,  their  number  unit  cell,  andthe  maximum  point  symmetry  of 
the  respective  temperature  sites  (in  parentheses).  The  reader  can  get  more 
detailed  information  in  Refs.  13-17. 


Type  A 


Sodality 


Faujasite 
(Type  v.  y) 


Figure  6.5.  Three  different  zeolites. 
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6.4  COMPARISON  BETWEEN  NATURAL  AND  SYNTHETIC 
ZEOLITES 

Ever  since  the  discovery  of  stilbite  by  a Swedish  chemist,  Cronstedt 
(1756),  a large  number  of  publications  have  appeared  both  on  natural  and 
synthetic  zeolites.  In  the  last  century,  Wohler  ( 1 848)  attempted  to  recrystal- 
lize apophyllite  by  heating  it  in  water  solutions  at  180-190°C  under  10-12 
atm.  pressure.  There  are  thousands  of  reports  on  various  aspects  of  both 
natural  and  synthetic  zeolites. 

All  the  natural  zeolites  can  be  included  in  the  following  genetic 
types  d27] 

1 . Crystals  resulting  from  hydrothermal  or  hot- spring 
activity  involving  reaction  between  solutions  and 
basaltic  lava  flows. 

2.  Deposits  formed  from  volcanic  sediments  in  closed 
alkaline  and  saline  lake  systems. 

3.  Similar  formations  from  open  freshwater  lake  or 
groundwater  systems  acting  on  volcanic  sediments. 

4.  Deposits  formed  from  volcanic  materials  in  alkaline 
solids. 

5.  Deposits  resulting  from  hydrothermal  or  low- 
temperature  alteration  of  marine  sediments. 

6.  Formations  which  are  the  result  of  low-grade  burial 
metamorphism. 

The  above  reactions  occur  in  open  systems  and  may  be  as  vast  in 
scale  as  in  the  range  of  variables  such  as  pressure,  temperature,  and  time. 
Zeolites’  formation,  either  in  nature  or  in  the  laboratory,  takes  place  under 
conditions  in  which  water  is  present  in  considerable  amounts,  often  at 
elevated  temperatures  and  hence,  under  hydrothermal  conditions.  Thus, 
zeolites  have  been  made  in  the  laboratory  only  by  the  hydrothermal  method 
because  the  open  aluminosilicate  host  framework  must  be  stabilized  during 
growth  by  being  filled  with  guest  molecules.  In  particular,  zeolites  never  form 
under  acid  hydrothermal  conditions.  The  sodalites  and  cancrinites,  like 
zeolites,  have  open  frameworks,  but  their  synthesis  can  be  achieved  pyrolyti- 
cally  as  well  as  hydrothermally  because  nonvolatile  salts  can  act  like  zeolitic 
water  and  as  stabilizers  by  occupying  the  pore  spaces  within  the  aluminosili- 
cate framework.  In  hydrothermal  synthesis  using  alkaline  salt  solutions, 
water  and  salts  may  compete  as  stabilizers  so  that  each  may  be  present  within 


328  Handbook  of  Hydrothermal  Technology 


the  intracrystalline  pores. [28]  However,  the  laboratory  synthesis  of  zeolites 
differs  much  from  that  of  the  natural  process,  as  the  laboratory  synthesis 
involves  a closed  system.  Early  attempts  to  synthesize  zeolite  centered 
around  imitating  geological  conditions  and  it  was  mainly  the  recrystallization 
of  zeolites  taking  place  until  the  first  synthesized  analcime.  In  1948.  the  first 
synthesis  of  a zeolite  that  did  not  have  a natural  counterpart  was  carried  out 
by  Barrer. 

Laboratory  synthesis  has  evolved  by  duplicating  the  conditions 
under  which  natural  zeolites  were  produced.  However,  the  one  condition  that 
we  can  never  duplicate  is  crystallization  of  time,  which  covers  1000  years  or 
more.  The  laboratory  systems  operate  at  high  pH  (>12,  usually  >14  for 
aluminosilicates,  and  >7  for  aluminophosphates  zeolites)  and  high  tempera- 
ture and,  thereby,  produce  smaller,  less-perfect,  crystals.  So,  the  majority  of 
the  synthetic  zeolites  are  formed  under  non-equilibrium  conditions  and  are 
nretastable  phases  produced  at  supersaturated  conditions. 

Experimental  results  indicate  that,  the  less  stable  the  phase,  the 
greater  the  chance  that,  initially,  it  will  nucleate  and  grow  fast,  but  its  chance 
of  subsequent  survival  is  less. 

Synthetic  zeolites  represent  nretastable  structures  that  may,  under 
given  conditions,  be  transformed  into  other  thermodynamically  more  stable 
types  of  zeolites.  Also,  the  synthetic  zeolites  contain  both  inorganic  and 
organic  cations.  Although  more  than  150  synthetic  zeolites  have  been 
reported,  many  important  types  have  a number  natural  mineral  counterpart. 
Conversely,  synthetic  counterparts  of  many  zeolite  minerals  are  not  yet 
known.  In  recent  years  some  minerals  having  zeolite  structure  have  been 
reported;  one  such  example  is  cavansite,  Ca(VO)  (Si4O10)  4H20,  which  was 
reported  by  Staples,  et  al.,  (1973),  from  cavities  and  veinlets  in  basalts  and 
tuffs  in  Oregon,  U.S. A.|2<)|  Its  crystal  structure  was  reported  by  Evans 
(1973)430k31]  Subsequently,  this  mineral  was  reported  from  several  other 
localities.  Powar  and  Byrappa  (1998)  have  reported  cavansite  from  India  and 
they  have  earned  out  detailed  x-ray,  thermal,  and  infrared  studies.1321  The 
paragenesis  of  the  mineral  cavansite  is  closer  to  zeolites.  It  has  a three- 
dimensional/vanadosilicate  network  analogous  to  gismondine.  However, 
based  on  a detailed  infrared  spectroscopic  study,  it  was  found  that  in 
cavansite  water  molecules  occur  both  as  loosely  held  and  tightly  bound 
crystal  water. [32]  Thus,  the  possibility  of  the  existence  of  such  new  minerals 
having  the  structures  of  zeolites  cannot  be  ruled  out. 

In  recent  years,  the  compositional-structural  range  of  molecular 
sieves  have  been  significantly  increased  by  the  discovery  of  crystalline 
microporous  aluminophosphate  based  frameworks,  beginning  with  the 
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aluminophosphates  or  AlP04-n  molecular  sieves,  followed  by 
silicoaluminophosphates,  titanium  aluminophosphates,  metal 
aluminophosphates,  and  metal  silicophosphates,  designated  as  SAPO-n, 
TAPO-n,  MeAPO-n,  and  MeAPSO-n,  respectively. 

In  1 96 1 , d’  Y voire  reported  the  synthesis  of  several  aluminophosphate 
hydrates,  Hj,  H0,  H3,  and  H4,  etc.  These  materials  were  prepared  from 
dilute  aqueous  solutions  of  alumina  and  phosphoric  acid  with  a Pi05:A1i03 
ratio  of2.7.[33] 

Much  of  the  success  in  the  laboratory  synthesis  has  been  achieved 
by  duplicating  the  conditions  under  which  natural  zeolites  were  produced.  In 
nature,  water  plays  a key  role  in  the  crystallization  of  zeolites,  whereas  in  the 
laboratory  the  zeolites  structure  formation  insists  on  the  presence  of  the 
organic  molecules.  Tables  6.6  to  6.8  give  the  natural  zeolites  whose  struc- 
tures were  successfully  duplicated  from  silica/alumina  gels  and  alkali  metal, 
alkaline  earth  metal,  or  alkyl  ammonium  cations,  respectively.1341  One  can 
expect  more  examples  in  the  future  with  respect  to  the  discovery  of  natural 
counterparts  of  existing  synthetic  zeolites.  Table  6.9  gives  a list  of  several 
synthetic  zeolites  with  structures  reasonably  well  defined,  but  with  no 
counterparts  in  natural  zeolites.  New  synthetic  zeolites’  phases  will  continue 
to  grow  in  numbers  faster  than  the  natural  zeolites. 


Table  6.6  Synthetic  Counterparts  of  Natural  Zeolites — Alkaline  Metal1341 


Zeolite 

Alkali 

Investigator 

Date 

Mordentie 

Na 

Barrer,  R.  M. 

1948 

Analcime 

Na 

Barrer,  R.  M. 

1949 

Phillipsite 

Na 

Barrer,  R.  M. 

1951 

Cancrinite 

Na 

Barrer,  R.  M. 

1952 

Natrolite 

Na 

Barrer,  R.  M. 

1952 

Faujasite 

Na 

Milton,  R.  M. 

1956 

Gmelinite 

Na 

Barrer,  R.  M. 

1959 

Chabazite 

Na 

Milton,  R.  M. 

1960 

Erionite 

K.Na 

Breck,  D.  W. 

1960 

Clinoptilolite 

Li 

Ames,  L.  L.,  Jr. 

1963 

Ferrierite 

Na 

Senderov,  E.  E. 

1963 

Gismondine 

Na 

Taylor,  A.  M. 
and  Roy,  R. 

1964 

Bikitalite 

Li 

Drysdale,  D.  J. 

1971 

Edingtonite 

K 

Barrer,  R.  M. 

1974 
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Table  6.7.  Synthetic  Counterparts  of  Natural  Zeolites — Alkaline  Barths 134 1 


Zeolite 

Alkali 

Investigator 

Date 

Heulandite 

Ca 

Roy,  R. 

1960 

Scolecite 

Ca 

Roy,  R. 

1960 

Wairakite 

Ca 

Roy,  R. 

1960 

Epistilbite 

Ca 

Roy,  R. 

1960 

Garronite 

Ca 

Barrer,  R.  M. 

1961 

Thomsonite 

Ca 

Barrer,  R.  M. 

1961 

Yugawaralite 

Sr 

Barrer,  R.  M. 

1964 

Clinoptilolite 

Sr 

Barrer,  R.  M. 

1964 

Harmotone 

Ba 

Barrer,  R.  M. 

1964 

T able  6.8.  Synthetic  Counterparts  of  Natural  Zeolites — Alkylammotiium1341 


Zeolite 

Alkali 

Investigator 

Date 

Offretite 

TMA,  aNa,  K 

Robson,  H.  E. 

1966 

Levynite 

[CH3N  N]+,  k 

Kerr,  G.  T. 

1969 

Maxxite 

TMA,  aNa 

Barrer,  R.  M. 

1970 

Table  6.9.  Natural  Zeolites  with  No  Synthetic  Counterpart 

Zeolite 

Year  Discovered 

Stilbite 

1756 

Laumontite 

1785 

Mesolite 

1813 

Brewsterite 

1822 

Herschelite 

1825 

Kehoeite 

1893 

Gonnardite 

1896 

Dachiardite 

1905 

Stellerite 

1909 

Viseite 

1942 

Paulingite 

1960 

Merlinoite 

1977 
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6.5  SYNTHESIS  OF  ZEOLITES 

Efforts  to  synthesize  zeolites  can  be  traced  as  far  back  as  1 848  when 
Wohler  first  recrystallized  apophyllite  by  heating  it  in  water  solutions  at  1 80- 
190°C  under  10-12  atm.1351  Followed  by  this,  several  more  attempts  were 
made  during  the  1860s  when  Claireville  synthesized  zeolites  by  the  hydro- 
thermal  method  in  1862436!  The  hydrothermal  reaction  merges  into  a low- 
temperature  reaction  and  indeed,  in  zeolite  synthesis  the  trend  has  been 
interalia  for  greater  experimental  convenience,  to  grow  zeolites  at  or  below 
100°C  provided  reaction  rates  are  adequate.  It  was  only  during  the  1 940s  that 
great  attention  was  devoted  to  zeolite  synthesis  as  a result  of  the  pioneering 
work  by  Barrer,  Milton,  and  co-workers. |37||381  Even  now,  the  area  of  zeolite 
synthesis  is  still  expanding  and  hence,  is  resulting  in  the  discovery  of  synthetic 
zeolites  with  new  topologies  and  new  catalytic  sorption  and  separation 
properties.  Generally,  three  processes  are  used  to  produce  zeolites: 

1 . Preparation  of  molecular  sieve  zeolites  as  high  purity 
crystalline  powders. 

2.  The  conversion  of  clay  minerals  into  zeolites. 

3 . Processes  based  on  the  use  of  other  naturally  occurring 
raw  materials. 

It  is  not  surprising  that  much  effort  is  made  to  unravel  the  mecha- 
nisms responsible  for  the  formation  of  zeolites  from  its  precursors.  Using  this 
knowledge,  concepts  may  be  derived  for  tailor-made  zeolite  synthesis, 
making  the  art  of  creating  zeolite  synthetics  a real  scientific  issue.  Hydrother- 
mal synthesis  of  aluminosilicate  zeolites  involves  a few  elementary  steps  by 
which  a mixture  of  Si  and  A1  species,  metal  cations,  organic  molecules,  and 
water,  are  converted  via  an  alkaline  supersaturated  solution  into  a microporous 
crystalline  aluminosilicate.  The  complex  chemical  processes  involved  in  this 
transformation  can  be  denoted  as zeolitization.  Since  thel940s,  systematic 
studies  on  synthesis  have  been  disclosed.  During  1948,  Barrer  synthesized 
the  first  zeolite  that  did  not  have  a natural  counterpart. [37]  However,  zeolite 
technology  was  initiated  during  the  late  1940s  on  a large  scale,  essentially  by 
the  groups  of  Barrer  and  Milton.  They  developed  hydrothermal  synthesis 
using  reactive  alkali-metal  aluminosilicate  gels  at  low  temperatures  (~  1 00°C) 
and  pressure  (autogenous).  By  1958,  under  the  leadership  of  Milton,  the 
Linde  Division  of  Union  Carbide  had  successfully  synthesized  nearly  all  the 
commercially  important  zeolites.1381  |42! 
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The  next  advance  in  zeolite  synthesis  was  again  due  to  Barren  In 
196 1 , Barrel-  and  Denny  reported  zeolites’  synthesis  using  alkylammonium 
cations.  [37k43]  They  noted  that  the  addition  of  alkylammonium  ions  to  sodium 
aluminosilicate  gels  increased  the  framework  Si/Al  ratio.1431  At  about  the 
same  time,  G.  Kerr,  at  Mobil  Oil  Company,  began  using  organic  molecules  in 
zeolite  synthesis. [44J  The  use  of  organic  materials  in  zeolite  synthesis  was 
quickly  expanded  after  the  initial  work  of  Barrer  and  Den ny.1431 

In  1 96 1 , d’  Y voire  reported  the  synthesis  of  several  aluminophosphate 
hydrates,  followed  by  the  scientists  of  Union  Carbide  Laboratories  who 
synthesized  a new  generation  of  aluminophosphate  zeolites  in  the  late 
1970s.  [33i  Initial  success  resulting  in  the  discovery  of  the  aluminophosphate 
zeolites,  was  reported  by  Wilson,  et  al.,  ( 1982). [12i  Specific  reference  to  these 
developments  (listed  in  Table  6.10)  may  be  found  in  several  historical 
reviews  J45k46l  The  addition  of  Si  and  P framework  elements  resulted  in 
silicoaluminophosphate  (SAPO)  zeolites  which  was  also  reported  by  Wilson, 
et  al.,  (1983).[47]  The  metal  aluminophosphate  (MeAPO)  zeolites  with  the 
framework  containing  aluminum,  phosphorus,  and  metal  cation  (Me),  where 
Me  = Mg2+,  Mn2+,  Fe2+,  Fe3+,  Co2+,  and  Zn2+,  were  reported  by  Flanigen,  et 
al.,  (1986).[48] 

Until  recently,  zeolite  synthesis  has  been  mainly  an  empirical  science 
in  which  a large  number  of  experiments  were  used  to  change  synthetic 
parameters  systematically  with  a hope  of  obtaining  new  phases  and  ciystal 
composition.  The  zeolite  synthesis  is  now  being  gradually  replacedby  methods 
based  on  the  use  of  new  characterization  techniques,  which  will  provide  a 
better  understanding  of  the  gel  chemistry,  nucleation,  ciystal  growth,  crystalliza- 
tion kinetics,  and  structure  directing  phenomenon. 

The  general  route  whereby  zeolites  can  be  synthesized  in  a labora- 
tory or  a plant  scale  is  shown  in  Table  6.11. |49i  The  structure-directing  agents 
listed  are  only  examples  of  a wide  range  of  materials  that  have  been  used. 
Zeolites  have  been  synthesized  only  by  the  hydrotheimal  method.  It  involves 
silica,  alumina,  and/or  phosphorus  species,  metal  cations,  organic  molecules, 
and  water,  which  are  converted  via  an  alkaline  supersaturated  solution  into 
microporous  crystalline  zeolites.  The  complex  chemical  processes  involved 
in  this  transformation  can  be  denoted  as  zeolitization.  The  process  of 
zeolitization  is  thermally  activated  and  usually  takes  place  at  elevated 
temperatures  in  order  to  achieve  a high  yield  of  crystals  in  an  acceptable 
period  of  time. 
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Table  6.10.  Development  in  Zeolite  Science  and  Technology^37! 

Early  History 


1756 

Cronstedt,  A.  F. 

Described  natural  zeolites 

1840 

Damour,  A. 

Observed  reversible  dehydration 

1858 

Eichhom,  H. 

Reported  ion-exchange  properties  of  zeolites 

1862 

Claireville,  H,  de  St. 

Early  hydrothermal  synthesis  (levyne) 

1876 

Lew 

Reported  sedimentary  zeolites  in  tuff  deposits 

1896 

Friedel,  G. 

Observed  organic  liquid  sorption;  proposed 
open  spongy  framework  structure 

1909 

Grandjean,  F. 

Reported  gas  sorption  (NH3,  air,  H2) 

1925 

Weigel,  O.  and 
Stermhoff,  F. 

Observed  molecular  sieve  effect 

1930 

Tayior,  W.  H.  and 
Pauling,  L. 

Structure  determination  of  anaicime  and 
natrolite 

1932-1 940s 

Barrer,  R.  M 

Systematic  studies  of  synthesis,  ion- 
exchange  sorption  and  dehydration 

Industrial  Era 

1949-1954 

Union  Carbide 

Synthesis  of  zeolite  A and  zeolite  X 
(synthetic  faujasite) 

1954 

Union  Carbide 

Commercialized  zeolite-based  gas  purification 
and  separation  processes;  early  catalytic 
applications 

1955-1962 

Mobil 

Commercialized  rare  earth  zeolite  X cracking 
catalyst 

1958-1964 

Discovery  and  commercialization  of  signifi- 
cant sedimentary  zeolite  deposits  in  western 
U.S.  and  Japan 

1958 

Mobil 

Zeolite  synthesis  with  organic  cations 

1962-1 980s 

Mobil/Union  Carbide 

Synthesis  of  high  silica  zeolites 

1982 

Union  Carbide 

Synthesis  of  microporous  A1P04  molecular 
sieves 

Recent  Developments 

1985-1994 

Academic  and 
Industrial  Researchers 

Synthesis  of  “large  pore”  (i.e.,  VPI-5, 
cloverite)  and  mesopore  (MCM-41) 

materials,  new  silica  zeolites  and  clathrates, 
advanced  materials  applications 
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Table  6.11.  Molecular  Sieve  Zeolite  Preparation  Process149 


Molecular  sieve 

Zeolite  preparation  process 

process 

Reactants 

Products 

Hydrogel 

Reactive  oxides 
Soluble  silicates 
Soluble  aluminates 
Caustic 

High  purity  powders 
Gel  preform 
Zeolite  in  gel  matrix 

Clay 

Conversion 

Raw  kaolin 
Metakaolin 
Calcined  kaolin 
Soluble  silicate 
Caustic  sodium 
Chloride 

Low  to  high  purity  powder 
Binderless,  high  purity 
Preform  zeolite  in  clay 
Derived  matrix. 

Others 

Natural  Si02 
Acid  treated  clay 
Amoiphous  mineral 
Volcanic  glass 
Caustic 
A1203, 3H20 

Low  to  high  purity  powder 
Zeolite  on  ceramic  support 
Binderless  preforms 

In  spite  of  the  success  of  the  last  45  years  in  the  synthesis  of  zeolites, 
the  factors  controlling  the  synthesis  of  perous  crystalline  aluminosilicates  or 
aluminophosphates  are  not  well  defined.  In  this  connection,  the  IZA  Synthe- 
sis Commission  has  given  an  outline  of  a thorough  report  of  a molecular  sieve 
synthesis  and  the  following  product  characterization. [49]  The  priority  desig- 
nation is  a consensus  opinion  of  the  committee  as  to  the  importance  that  we 
attach  to  the  item.  The  simplest  experiments  will  lack  details  in  some  of  these 
categories,  but  not  in  all  cases.  The  author  should  consider  whether  the 
particular  procedure  is  unique  in  any  way  and  might  be  significant  in  the 
overall  result.  Negative  answers  to  the  implied  question  can  be  helpful. 

Similarly,  the  IZA  Synthesis  Commission  gives  two  more  outlines 
dealing  with  the  background  material  and  synthesis  report  of  a hydrothermal 
zeolite.  The  background  material  covers  aspects  like  source  materials,  gel 
preparation,  crystallization,  product  recovery,  and  characterization.  These 
aspects  have  been  discussed  in  great  detail  by  several  authors  from  time  to 
time. 
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Synthetic  zeolites  are  generally  made  by  mixing  solutions  of  alurni- 
nates  and  silicates,  often  with  the  formation  of  a gel,  and  by  maintaining  the 
mixture  at  temperatures  of  100°C  or  more  for  selected  periods. |37i|4'J| 

The  synthesis  of  zeolites  involves  several  steps,  as  shown  below: 

Reactant 

I 

Reactant  mixtures 

I 

Nucleation 

I 

Crystal  Growth 

The  mechanisms  of  zeolite  formation  are  very  complex  due  to  the 
plethora  of  chemical  reactions,  equilibria,  and  solubility  variations  that  occur 
through  the  heterogeneous  synthesis  mixture  during  the  crystallization  pro- 
cess. 

The  process  of  zeolitization  is  thermally  activated  and  usually  takes 
place  at  elevated  temperatures  in  order  to  achieve  a high  yield  of  crystals  in 
an  acceptable  period  of  time.  The  variables  in  the  synthesis  of  zeolites  are 
temperature,  alkalinity  (pH),  and  chemical  composition,  of  the  reactant 
mixtures.  These  variables  do  not  necessarily  determine  the  products  obtained 
in  hydrothermal  reactions,  because  nucleation  appears  to  be  kinetically  rather 
than  thermodynamically  determined  and  controlled.  The  kinetic  variables 
include  the  treatment  of  reactants  prior  to  crystallization,  their  chemical,  and 
physical  nature.  h0][50] 

With  reference  to  the  source  materials,  one  would  hope  that  a mole 
of  Si02  would  be  equivalent  to  another  Si02,  from  whatever  source,  when 
compounded  into  a gel.  Experience  teaches  us  that  this  is  not  the  case;  Si02 
and  Ab,03  are  to  some  degree  polymeric  before  gelation.  Any  reagent 
contains  some  unsuspected  impurities,  which  can  be  active  on  the  synthesis. 
To  duplicate  the  work,  one  has  to  repeat  with  the  same  source  material.  The 
starting  material  can  not  be  just  silica,  but  precipitated  silica,  fumed  silica, 
or  silica  sol,  from  a designated  supplier.  For  very  high  silica  phases,  the 
alumina  content  of  the  silica  source  may  be  very  important.  Besides,  one  has 
to  carefully  prepare  the  gel  and  the  step-by-step  procedure  has  to  be  followed 
as  noted.  These  steps  include  the  order  of  mixing,  the  device  used  to  mix,  the 
aging  time  and  temperature,  nucleation,  and  batch  composition.  For  example, 
the  ingredients  are  not  added  sequentially,  but  combined  into  two  (or  three) 
subgroups  that  are  blended  to  make  the  final  gel.  After  a careful  preparation 
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of  the  precursor,  a suitable  reaction  vessel  has  to  be  selected  to  provide  the 
desired  temperature,  pressure,  agitation,  and  the  facility  to  withdraw  an 
occasional  sample.  Several  companies  from  the  USA,  Japan,  and  Germany, 
manufacture  autoclaves  with  all  such  facilities  for  the  synthesis  of  zeolites. 
Figure  3.27  shows  the  Parr  autoclave  commonly  used  in  zeolite  synthesis. 
For  the  commercial  production  of  zeolites,  large  size  autoclaves  or  batch 
reactors  are  usually  employed.  The  rate  of  heating  is  very  important.  If 
possible,  a periodic/continuous  monitoring  facility  is  necessary  to  obtain  the 
values  of  pFl,  percent  of  crystallinity,  and  the  rate  of  crystallization.  After 
carrying  out  the  experimental  runs,  the  filtration,  washing,  drying,  and  yield 
estimation  are  to  be  done  carefully.  For  a better  reproducibility  of  the  results, 
the  above  aspects  are  to  be  kept  in  mind. 

Several  techniques  are  used  to  characterize  the  zeolite  phases 
obtained.  The  most  commonly  used  techniques  are  x-ray  powder  diffraction, 
Rietvield  technique  of  structure  refinement,  neutron  scattering,  NMR,  IR, 
Thermal,  SEM,  Laser  Raman,  measurement  of  sorptive  capacity,  particle 
size  and  pore  size  distribution,  and  so  on. 

Davis  and  Lobo  (1992)  have  proposed  two  extremes  of  the  mecha- 
nisms of  zeolite  synthesis,  ( i ) the  solution-mediated  transport  mechanism, 
and  ( ii ) the  solid-phase  transformation  mechanism.!10!  Figure  6.6  shows  the 
schematic  illustrations  of  (A)  the  solution-mediated  transport,  and  ( B ) solid- 
hydrogen  transformation  crystallization  mechanisms.  The  first  one  involves 
the  diffusion  of  aluminate,  silicate,  and/or  aluminosilicate  species  from  the 
liquid  phase  to  the  nucleation  site  for  crystal  growth.  There  are  many 
examples  of  solution-mediated  transport  in  the  crystallization  of  aluminum- 
rich  zeolites.  Ueda,  et  al.,  (1984),  have  prepared  zeolites  Y,  S (GME),  and 
P (GIS),  which  were  synthesized  from  clear  solutions,  i.e.,  without  the 
presence  of  hydrogel  (solid  phase).!51!  The  solid-phase  transformation  mecha- 
nism suggests  that  the  solid  hydrogel  reorganizes  in  forming  the  zeolite 
structure.  Xu,  et  al.,  ( 1989)  have  well  illustrated  this  process  by  the  synthesis 
of  ZSM-35  (FER)  and  ZSM-5  from  nonaqueous  reaction  mixtures.  I52!  There 
are  several  such  reports  on  the  synthesis  of  various  zeolites  using  both  of  the 
proposed  mechanisms  of  zeolite  crystallization.  In  some  cases,  zeolites  like 
Z.Y  were  found  to  crystallize  by  a combination  of  the  two  mechanisms.  As 
a particular  structure  can  be  formed  via  different  crystallization  processes, 
extreme  caution  is  necessary  when  attempting  to  generalize  conclusions  from 
one  zeolite  to  a class  of  zeolites  or  molecular  sieves.  Flere,  the  authors  discuss 
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some  of  the  important  aspects/factors  influencing  zeolite  synthesis.  For  the 
sake  of  convenience,  the  authors  deal  with  aluminosilicate  zeolites  followed 
by  aluminophosphate  zeolites  and  the  family  of  microporous  compounds. 
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Figure  6.6.  (a)  Schematic  illustrations  of  the  solution-mediated  transport,  (b) 
Solid-hydrogen  transformation  crystallization  mechanism.110! 
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Figure  6.6.  (Cont’d.) 


6.5.1  Molar  Composition 

The  chemical  composition  of  a synthesized  hydrogel  is  expressed 
generally  in  terms  of  an  oxide  formula,  Si02  (P005),  AL,03,  bMxO,  cNyO, 
dR,  and  eH20,  in  which  M and  N stand  for  (alkali)  metal  ions  and  R for 
organic  templates.  The  relative  amount  of  Si,  P,  Al,  M,  N,  and  R,  is  one  of 
the  key  factors  determining  the  outcome  of  the  crystallization.  Next  to  the 
nature  of  the  template  used  (inorganic  and  organic  cations),  the  ratios  SiO,/ 
A1203,  P205/A1203,  MxO(NyO)/Si02,  Mx0(Ny0)/P205,  R/Si02,  R/P20~5 
and  H20/Si02  or  H00/P205  can  intervene  during  zeolitization.  Such  a 
variation  greatly  influences  the  crystallization  processes  right  at  the  level  of 
nucleation  and  crystallization  kinetics,  the  nature  of  the  crystallization 
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material,  the  lattice  A1  content  and  distribution,  the  crystal  size  and 
morphology.15311541  For  example,  the  synthesis  of  high-silica  zeolites  requires 
the  addition  of  organic  molecules  into  the  reaction  mixture,  an  exception  is 
ZSM-5  which  can  be  synthesized  without  the  use  of  organic  reagents  in  a 
very  narrow  range  of  Na+  and  Al3+  concentrations  and  the  reaction  tempera- 
tures are  normally  higher  (~100-200°C)  than  those  used  to  crystallize 
aluminum-rich  zeolites.1551  Similarly,  aluminum-rich  zeolites, e.g.,  Z.A,  X,  P, 
sodalite,  chabazite  (CFIA),  and  edingtonite  (EDI),  have  pore  volumes  in  the 
range  ~ 0.4— 0.5  cm3  void/cm3  of  crystal  and  are  formednear  100°C;  whereas 
the  alkali-metal  cations  in  the  synthesis  of  zeolites  act  as  the  source  of 
hydroxyl  ions  (alkali-metal  hydroxides  commonly  used  in  zeolites  synthesis) 
and  have  a limited  structure  directing  role  as  well.1561  Recently,  it  has  been 
observed  that  cation-water  complexes  stabilize  small  aluminosilicate  anions 
that  are  responsible  for  forming  unique  zeolite  structures  primarily  through 
electrostatic  and  steric  factors.1571 

Figure  6.7  shows  a crystallization  diagram  for  the  systemNa-,0- 
Al903-Si02-H20  for  a temperature  of  363  K and  (A1203  + Si09)/H90  = 
0.0005.  An  interesting  factor  that  can  be  seen  from  this  diagram  is  that  the 
content  of  alkali  has  a much  stronger  influence  on  the  kind  of  crystallizing 
zeolite  than  the  Si09/Al903  ratio.  The  primary  influences  of  compositions  of 
reaction  mixture  are  given  in  Table  6. 12d58l 
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Figure  6.7.  Crystallization  diagram  for  the  system  Na20-Al203-Si09-H20  for 
a temperature  of  363  K and  ( A1203  + Si02)/H20  = 0.0005. 1251 
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Table  6.12.  Primary  Influence  of  the  Compositions  of  Reaction  Mixture!58! 


Mole  Ration 

Primary  Influence 

Si02/Al203 

Framework  composition 

H20/Si02 

Rate,  crystallization  mechanism 

0HVSi02 

Silicate  molecular  weight,  OH- 
concentration 

Na+/Si02 

Structure,  cation  distribution 

R4N+/Si02 

Framework  aluminum  content 

The  earliest  synthetic  zeolites  were  essentially  Al-rich  or  had  a 
low  Si  to  A1  ratio  and  their  A1  concentrations  were  equivalent  to  Si, 
however,  Al-O-Al  linkages  have  not  been  observed  in  zeolites. [59] 
Loewenstein  first  rationalized  the  absence  of  Al-O-Al  linkages  in 
tectoaluminosilicates  on  the  basis  of  clusters  of  negative  charges.1601  Thus, 
if  Al-atoms  do  not  have  Al-atoms  in  their  second  coordination  sphere, 
then  Si/Al  > 1.  Low-silica  zeolites  are  defined  as  having  1 < Si/Al  < 2, 
while  intermediate  Si/Al  zeolites  contain  2 < Si/Al  < 5.  Table  6. 13  gives  a 
number  of  molecular  sieve  structures  and  representative  materials  accord- 
ing to  their  Si/Al  ratio.  In  the  late  1960s  and  early  1970s  high-silica 
zeolites  with  Si/Al  > 5 were  synthesized.  As  the  Si/Al  ratio  increases,  the 
properties  of  zeolites  are  significantly  altered.  At  higher  Si/Al  ratios,  the 
crystals  arc  hydrophobic.  In  the  early  1980s,  silica-free  molecular  sieves 
were  based  on  the  aluminophosphate  emu  posit  ions. 147 1161 H63]  The  role  of 
organics  and  their  concentrations  are  discussed  in  detail  separately  in  the 
forthcoming  sections. 

6.5.2  The  Aging  of  Hydrogel 

After  the  preparation  of  the  precursor  or  the  hydrogel,  using 
desired  ratio  of  the  starting  materials  as  explained  in  the  previous  section, 
the  hydrogel,  is  usually  kept  for  a certain  period  of  time  below  the 
crystallization  temperature.  This  aging  (ripening)  period  is  very  crucial  in 
the  synthesis  of  a desired  zeolite,  and  it  differs  from  aluminosilicate 
zeolites  to  aluminophosphate  zeolites. [641  One  of  the  important  steps  oc- 
curring during  the  aging  period  is  the  (partial)  dissolution  or  depolymer- 
ization of  the  silica  sol,  which  is  promoted  by  the  alkaline  conditions  for 
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zeolite  synthesis. [37]  Cook  and  Thompson  (1988)  have  simulated  the 
hydrothermal  zeolite  synthesis  with  the  aging  of  the  amoiphous  gel  at  low 
temperature  followed  by  elevated  temperature  crystallization  by  popula- 
tion balance  methods. [65] 


Table  6.13.  Compositions  of  Zeolites  and  Molecular  Sieves 


Si/Al  <2 
Low-Silica 

2 < Si/Al  < 5 
Intermediate  Silica 

5 < Si/Al 
High-Silica 

Phosphate 

ABW,  Li-A(BW) 

BHP,  linde  Q 

BEA,  zeolite  beta 

AEI,  A1P04-18 

AFG,  afghanite3 

BOG,  boggsite3 

DDR,  decadodecasil  3R 

ael,aipo4-ii 

ANA,  analcime3 

BRE,  brewsterite3 

DOH,  dodecasil  1H 

AET,  A1P04  - 8 

BIK,  bikitaite3 

CAS,  Cs-aluminosilicat 

EUO.EU-l 

AFI,  A1P04  -5 

CAN,  cancrinite3 

CHA,  chabazite3 

FER,  ferrierite 

AFO,  A1P04-41 

EDI,  edingtonite3 

CHI,  chiavenniteb 

LEV.NU-3 

AFS,  MAPSO-46 

FAU,  NaX 

DAC,  dachiardite3 

MEL,  ZSM-1 1 

AFT,  AlP04-52 

GIS,  gismondine3 

EAB.EAB 

MEP,  melanophlogite 

AFY,  CoAPO-50 

GME,  gmelinite3 

EMT,  hexagonal 
faujasite 

MFI,  ZSM-5 

APC,  A1P04-C 

JBW,  NaJ 

EPI,  epistibite3 

MFS,  ZSM-57 

APD,  A1P04-D 

LAU,  laumontite3 

ERI,  erionitea 

MTN,  dodecasil  3C 

AST,  A1P04-16 

LEV,  levyne3 

FAU,  faujasite,3  NaY 

MTT,  ZSM-23 

ATF,  AlP04-25 

LIO,  liottite3 

FER,  ferrierite3 

MTW,  ZSM-12 

ATN,  MAPO-39 

LOS,  losod 

GOO,  Goosecreekite3 

NON,  nonasil 

ATS.MAPO-36 

LTN,NaZ-21 

HEU,  heulandite3 

SGT,  sigma-2 

ATT,  A1P04-12 
TAMU 

NAT,  natrolite3 

KFI.ZK-5 

SOD,  sodalite 

ATV,  AlP04-25 

PAR,  partheite3 

LOV,  lovdariteb 

TON,  theta- 1 

AWW,  AlP04-22 

PHI,  phillipsite3 

LTA,  ZK-4 

ZSM-48 

BPH,  beryllo- 
phosphate-H 

ROG,  roggianite3 

LTL,  linde  L. 

CAN,  tiptopite3 

SOD,  sodalite 

MAZ,  mazzite3 

CHA,  SAPO-47 

THO,  thomsonite3 

MEI,  ZSM-18 

CLO,  cloverite 

WEN,  wenkite3 

MER,  merlinoitea 
MON  montasommaite3 
MOR,  mordenite3 
OFF,  offretite3 
PAU,  paulingite3 
RHO,  rho 
STI,  stilbite3 
YUG,  yugawaralite3 

ERI,  A1P04-17 
FAU,  SAPO-37 
GIS,  MgAPO-43 
RHO,  pahasapaite3 
SOD,  AlPO4-20 
VFI,  VPI-5 

3 Natural  materials.  b Beryllosilicates  (natural). 


The  amoiphous  gel  is  formed  at  room  temperature,  homogenized, 
and  left  to  age  for  a period  of  time  at  room  temperature.  The  subsequent 
crystallization  at  elevated  temperature  after  aging  proceeds  more  quickly 
than  in  the  non-aged  case.  Several  authors  have  noted  that  germ  nuclei 
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formed  within  the  gel  (or  the  solution)  during  gel  aging  grow  to  observable 
sizes  upon  subsequent  high-temperature  synthesis. I66^37!  Zhdanov  and 
Samulevich  (1980)  reported  that  aging  zeolite  Na  A gels  for  up  to  three  days 
resulted  in  a more  rapid  conversion  upon  heating  and  in  smaller  final  crystal 
sizes  J66i  They  concluded  that  nuclei  form  during  aging  and  then  grow  to 
observable  size  during  heating.  Subotic  and  Bronic  (1986)  reported  experi- 
mental values  of  percent  crystallinity  vs.  time  for  zeolite  Na  A syntheses  at 
80°C,  for  which  some  of  the  amorphous  gel/water  solutions  had  been  aged 
at  25 °C  for  as  many  as  17  days  prior  to  crystallization.167!  Upon  heating  the 
aged  solutions,  those  aged  for  longer  times  were  shown  to  crystallize  faster 
after  a shorter  induction  time.  These  data  have  been  plotted  in  Fig.  6.8.  The 
evolution  of  the  average  zeolite  crystal  size  with  time,  based  on  the  computer 
simulations  is  shown  in  Fig.  6.9.  As  the  aging  time  increases,  the  number  of 
nuclei  increases,  thereby  decreasing  the  final  average  crystal  size.  This  result 
is  perfectly  logical,  as  with  more  nuclei  present  the  reagent  mass  is  distributed 
among  more  crystals,  resulting  in  smaller  crystals  on  average.  Figure  6.10 
shows  the  number  of  nuclei  formed  per  day  by  dividing  values  of  Ns  (No.  of 
nuclei  formed  during  aging). 


Figure  6.8.  Crystallization  curve  simulated  assuming  nuclei  form  during 
reaction  time.!67! 
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Figure  6.9.  Evolution  of  the  average  zeolite  crystal  size  with  time.1671 


Figure  6.10.  Number  of  nuclei  formed  per  day  by  dividing  values  of  Ns. 1671 
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Wu  and  Chao  (1995)  have  studied  systematically  the  gel  aging 
through  Raman  spectroscopy  and  DTG J681  Figures  6.11  and  6.12  show  the 
room  temperature  for  Raman  spectra  of  the  gel  phase  obtained  during  aging  at 
ambient  temperature,  and  reaction  at  1 15°C  during  the  synthesis  of  faujasite 
zeolites.1681  In  the  early  stages  of  aging,  insoluble  silica  and  unreacted  A1 
(OH)_4  retained  in  the  gel.  A,  give  bands  at  Ca.  441  cm1  and  Ca.  617  cm1, 
respectively.  At  the  end  of  aging,  the  A1  (OH)_4  species  in  the  solid  part  and 
A1  species  in  the  solution  part  of  gel  A are  found  almost  to  disappear,  and  this 
disappearance  might  be  a result  of  the  formation  of  the  aluminosilicate 
hydrogel,  which  is  considered  to  be  the  precursor  of  zeolite.  Upon  heating, 
the  insoluble  silica  dissolves  progressively  so  that  the  concentration  of 
silicates  in  solution  measured  by  ICP-AES  increases  significantly.  After  the 
sample  has  been  heated  for  1-5  days,  the  cyclic  tetrameric  aluminosilicate 
and  silicate  anions  are  observed  at  479-489  cm1. 
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Figure  6.11.  Raman  spectra  of  the  gel  phase  obtained  during  aging  at  ambient 
temperature,  and  reaction  at  115°C  during  synthesis  of  faujasite  zeolites.1681 
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Figure  6.12.  Crystallizaton  curve  of  EMT  (O:  E-4  or  gel  A,  A:  A-l)  and 
FAU  (•:  E-8  or  gel)  for  the  18-crown-6  ether  preparations. t68l 


The  DTG  curves  have  been  recorded  for  gel  after  different  hours  of 
aging  at  room  temperature  by  Wu  & Chao  (1995)  and  the  results  are  shown 
in  Figs.  6.13  and  6.14.  The  TG/DSC  thermal  analysis  with  on-line  mass 
spectrometry  showed  three  distinct  stages  of  weight  loss  on  the  faujasites, 
25-200°C,  200-300°C,  and  300-500°C.  The  first  endotherm  is  mainly  due 
to  the  desorption  of  water,  while  the  second  and  the  third  result  from  the 
exothermic  decomposition  of  organics  in  faujasite  zeolites. 

Similarly,  Bell  (1989)  and  Gilson  (1992)  have  attempted  to  identify 
the  nature  and  relative  amounts  of  the  silicate  and  aluminosilicate  species 
present  in  the  mother  liquor  using  29Si  and  27A1 NMR  spectroscopy.16911™! 
Flowever,  29Si  NMR  technique  has  an  important  limitation,  i.e,  silicate 
species  containing  more  than  12  Si  atoms  have  never  been  unequivocally 
identified. This  information  has  been  used  to  understand  the  effect  of 
aging  of  hydrogel  in  zeolite  synthesis. 

These  studies  indicate  that  the  zeolite  nuclei,  the  hydrogel  or 
precursor,  and  the  liquid  solution,  are  in  equilibrium  during  crystallization, 
and  because  of  the  existence  of  this  equilibrium,  the  specific  precursor  or 
hydrogel  can  play  a very  important  role  in  influencing  the  form  of  nuclei  and 
final  productions.  Also,  the  encapsulation  of  organic  templates  or  inorganic 
cations  in  the  hydrogel  seems  to  determine  the  type  of  zeolite  production. 
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Figure  6.13.  DTG  curves  of  different  gclsJ6s| 
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Figure  6.14.  DTG  curves  of  different  gels.1681 
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6.5.3  Water  in  Zeolite  Synthesis 

As  mentioned  earlier,  zeolites  could  be  synthesized  only  by  the 
hydrothermal  method.  The  versatility  of  hydrothermal  chemistry  owes  much 
to  the  mineralizing  role  of  water.  I37! 17 1 1 The  factors  that  promote  reactivity  in 
aqueous  magmas  included72! 

1 . Stabilization  of  porous  lattices  as  zeolites  by  acting  as 
space  fillers,  referred  to  above. 

2.  Through  its  presence,  especially  at  high  pressures, 
water  may  be  incorporated  into  hydrous  glasses, 
melts,  and  solids.  Through  chemisoiption  into  siliceous 
materials,  Si-O-Si,  and  Al-O-Si,  bonds  hydrolyze  and 
re-form.  Chemical  reactivity  is  enhanced  and  magma 
viscosity  is  lowered. 

3 . High  pressures  of  water  can  modify  phase  equilibrium 
temperatures. 

4.  Water  is  a good  solvent,  a property  that  assists 
disintegration  of  solid  components  of  a mixture  and 
facilitates  their  transport  and  mixing. 

Water  is  important  as  a guest  molecule  in  zeolite  structures  with 
relatively  high  A1  contents  and  consequently,  aqueous  media  favor  their 
formation  while  salts  have  a parallel  role  in  the  stabilization  of  sodalite  and 
cancrinite.  Highly  siliceous  zeolites,  such  as  silicalite  and  ZSM-5,  which  have 
zeolitic  structures,  but  contain  very  little  Almand  Mm\  are  less  hydrophilic 
than  aluminous  zeolites  and  their  structures  can  be  stabilized  by  certain 
organic  guest  molecules,  notably  amines,  alcohols,  and  amino-alcohols.  In 
general,  the  zeolitic  water  can  be  removed  leaving  the  unchanged  hydrous 
zeolite.  In  hydrothermal  systems,  the  good  solvent  powers  of  water  promote 
mixing,  transport  of  materials,  and  facilitates  nucleation  and  crystal  growth. 
Water  stabilizes  zeolite  structures  by  filling  the  cavities  and  forming  a type  of 
solid  solution.  The  stabilizing  effect  is  such  that  the  porous  aluminosilicates 
will  not  form  in  the  absence  of  a guest  molecule,  which  may  be  a salt 
molecule  as  well  as  water.  However,  the  water  concentration  or  the  degree 
of  dilution  is  of  minor  importance  for  the  synthesis  of  ZSM-5,  which  can 
crystallize  out  of  gels  with  an  extremely  wide  range  of  H,0/Si02  ratios  (from 
7 to  22).  Some  years  ago  Flanigen  and  Patton  introduced  a new  route  for 
zeolite  synthesis  that  involved  the  use  of  P as  the  mineralizing  agent. 1731  This 
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method  was  further  developed  by  Guth  and  Kessler  ( 1 989).|74l  Replace- 
ment of  OH-  by  F"  allows  the  crystallization  of  zeolites,  pure-silica  ZSM-5, 
MFI,  FER,  MTT,  MTN,  and  TON,  at  neutral  or  acidic  conditions. 

6.5.4  Temperature  and  Time 

Temperature  and  time  have  a positive  influence  on  the  zeolite 
formation  process,  which  occurs  over  a considerable  range  of  temperatures. 
Based  on  geological  evidence,  an  upper  limit  of  623  K has  been  suggested. 
Analcime  has  been  obtained  at  639  K,  mordenite  up  to  703  K,  clinoptilolite 
to  643  K and  ferrierite  at  648  KJ371  A rise  in  temperature  will  increase  both 
the  nucleation  rate  and  the  linear  growth  rate  (expressed  as  K = 0.5  51/5 1 with 
1 = crystal  size),  hence,  the  crystallinity  of  the  samples  normally  increases  in 
time.  As  far  as  time  is  concerned,  zeolite  synthesis  is  governed  by  the 
occurrence  of  successive  phase  transformations.  (Ostwald  rule  of  successive 
phase  transformation.)  The  thermodynamically  least  favorable  phase  will 
crystallize  first  and  will  be  successively  replaced  in  time  by  more  stable 
phases.!37!  The  best  example  is  the  crystallization  sequence  of  amoiphous  — > 
faujasite  — > Na-P  (Gismondine  type). 

The  temperature,  however,  can  also  influence  the  type  of  product 
that  has  to  be  to  crystallized.  A rise  in  temperature  leads  to  the  crystallization 
of  more  dense  products  as  the  fraction  of  water  in  the  liquid  phase,  which  has 
to  stabilize  the  porous  products  by  filling  the  pores,  will  drop.  Therefore,  the 
existence  of  an  upper  limit  for  the  formation  of  zeolites  is  to  be  expected.  The 
use  of  nonvolatile  pore  space  occupying  (filling)  species  would,  in  principle, 
allow  a high-temperature  synthesis  of  open,  porous  structures.  Fh 

Temperature  can  obviously  affect  the  rate  of  nucleation  and  crystal 
growth.  The  rate  of  nucleation  and  the  linear  rate  of  ciystal  growth  are  shown 
as  follows  4251 

DN/dt  = A [exp  (Ft)"1] 


r = kt 

The  coefficients,  K,  A,  and  E,  in  Table  6.14,  and  Kin  Table  6.15,  all  increase 
with  temperature,  indicating  that  linear  rates  of  crystal  growth  (coefficients 
K)  and  rates  of  nucleation  (coefficients  A and  E)  both  increase  with  rising 
temperatures. 
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Table  6.14.  K,  A.  and  E,  for  Zeolite  NaA  as  Function  of  Alkalinity  and 
Temperature1771 


T(  k) 

H.O/Nap 

A x 106 

E 

343 

20 

0.050 

20.0 

0.102 

343 

30 

0.027 

13.2 

0.033 

343 

40 

0.017 

9.0 

0.115 

333 

20 

0.03 

1.0 

0.062 

343 

20 

0.05 

20.0 

0.102 

353 

20 

0.06 

200.0 

0.132 

Table  6.15.  Linear  Rates  K = 0.5  All  At  for  Growth  of  NaX[66] 

T (k) 

343  353 

363 

373 

X(pmh') 

0.0175  0.0375 

0.0625 

0.1071 

When  the  temperature  is  elevated,  the  induction  time  of  s-shaped 
crystallization  curves  is  shortened.  It  is  also  observed  that  the  temperature 
strongly  affects  the  induction  time.  Zhdanov  and  Samulcvich1661  have  devel- 
oped a method  to  analyze  nucleation  and  crystal  growth 

t/ln(l/e)  _ En 
d(l/T)  ~~R 

where  6 is  the  induction  time,  that  is,  a point  on  the  crystallization  curve 
where  the  conversion  into  the  crystallization  phase  just  begins.  The  apparent 
activation  energy  for  nucleation  of  phillipsite  was  given  as  13.5  and  14.3  kcal/ 
mole  with  and  without  stirring  respectively,  while,  for  the  Al-free  end 
member  of  the  ZSM-5  series  (silicalite  1),  this  energy  was  given  as  9. 1 kcal/ 
molc.|75t|7fi|  The £77  value  for  NaY  was  obtained  as  17  kcal/molc.|7T 

6.5.5  Alkalinity  (pH) 

Alkalinity  of  the  media  plays  a vital  role  in  crystal  growth, 
materials  synthesis/preparation,  and  processing,  on  the  whole.  It 
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influences  the  supersaturation,  kinetics,  morphology,  shape,  size,  and 
crystallinity,  of  the  particles  or  materials  as  the  OH-  anions  fulfill  the  crucial 
role  of  mineralizing  agent.  The  pH  is  influenced  by  the  reactants  and  their 
concentrations/ratios,  followed  by  temperature  and  time.  Further,  with  the 
introduction  of  organics,  the  pH  changes  rapidly  in  the  system,  hence,  pH  is 
the  key  parameter  in  determining  the  crystallization  rate.  An  increase  in  OH- 
concentration  will  generally  bring  about  an  accelerated  crystal  growth  and  a 
shortened  induction  period  before  viable  nuclei  are  formed. 

In  zeolite  synthesis,  pH  of  the  alkaline  solution  is  usually  between  8 
and  12.  The  major  role  of  pH  is  to  bring  the  Si  and  A1  oxides  or  hydroxides 
into  solution  at  an  adequate  rate.  It  is  well  known  that  OH-  is  a powerful 
mineralizer.  Water  as  a mineralizer  has  been  discussed  in  detail  in  Ch.  4. 
Water  has  much  increased  the  coefficient  of  expansion  under  hydrothermal 
conditions.  The  PVT  measurements  for  water  and  other  solvents  arc  rather 
rare.  The  PVT  data  for  water  up  to  1000°C  and  10  Kbar  arc  known 
accurately  enough  up  to  within  1%  error. F0  Figure  4.7  shows  the  tempera- 
ture-density diagram  of  water,  with  pressure  as  a parameter.!71]  At  a very  high 
PT condition  (1000°C  and  100  kbar),  water  is  completely  dissociated  into 
H30+  and  OH-,  behaving  like  a molten  salt,  and  has  a higher  density,  of  the 
order  of  1 .7-1.9  g/cm3. 

The  OH-  ion  is  a good  complexing  agent,  which  can  bring  amphoteric 
oxides  and  hydroxides  into  solution.  An  increase  in  pH  will  accelerate  crystal 
growth  and  shorten  the  induction  period  (period  before  formation  of  viable 
nuclei)  by  an  enhanced  reactant  concentration)2211781  For  example,  the  values 
shown  for  Linde  zeolite,  Na-A,  Table  6.15,  indicates  that  the  nucleation  rate 
dN/dt,  for  both  coefficients  A and  E increase  strongly  with  increasing  pH. 
The  solubility  of  silica  increases  nearly  exponentially  with  the  concentration 
of  alkali  and,  in  the  resultant  mixture,  a range  of  silicate  anions  may  appear 
with  various  degrees  of  oligomerization.  In  the  case  of  alumina  at  high  pH 
minimal  oligomerization,  there  is  the  dominant  anion,  always  being  Al(OH)- 
4.  The  high  pH  causes  supersaturation  of  silicate  and  aluminate  and  the 
formation  of  a large  number  of  nuclei.  The  growth  of  these  nuclei  proceeds 
until  the  aluminum  in  the  gel  is  exhausted  so  that  the  alkaline  media  enable 
ready  mixing  of  reactants  and  also  facilitate  nucleation  and  crystal  growth. 
Lechert  (1998)  has  given  the  importance  of  pH  values  in  the  crystallization 
of  zeolites)79! 
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6.5.6  Structure  Directing  and  Composition  Determining  Species 

(Templating) 

Templating  has  become  an  important  tool  for  material  preparation 
and  processing.  Both  organic  and  inorganic  agents  can  be  used  as  templating 
agents.  Generally  speaking,  this  processing  route  uses  channels,  layers,  and 
cavity  spaces  of  nanoporous  host  structures  to  grow  nanoscale  objects.1801  In 
some  aspects,  templating  is  related  to  biomimetics  as  the  controlled  nucle- 
ation  and  growth  of  inorganic  phases  in  the  organic  host  is  an  important  step 
of  biomineralization.  t81i  There  exists  a variety  of  organic  and  inorganic  host 
materials  with  one,  two,  and  three-dimensional  structures  as  reviewed  in  Ref. 
80.  The  concept  of  template  in  molecular  sieve  synthesis  is  not  new. 

In  zeolite  synthesis  the  term  templating  is  used  in  a loose  sense  to 
refer  to  the  filling  of  the  void  spaces  of  a zeolite  structure  by  the  bulky 
organic/inorganic  cations  frequently  used  as  structure  directing  or  structure- 
stabilizing  agents.  They  contribute  to  the  formation  of  the  zeolite  lattice 
during  the  zeolitization.  Process  (i)  by  influencing  the  gelation  and/or 
nucleation  processes;  (ii)  by  lowering  the  chemical  potential  of  the  lattice 
formed  by  the  inclusion  of  the  templates  during  zeolite  synthesis.  Templating 
contributes  to  the  stability  through  new  interacts  (hydrogen-bonds,  electro- 
static and  London  dispersion  interactions),  and  further  controls  the  formation 
of  a particular  topology  through  its  geometry  (form  and  size).1821  Thus,  the 
action  of  a template  appears  to  have  both  electronic  and  steric  components. 
It  is  evident  that  changes  in  the  cation  density  provoked  by  geometrical  or 
physical  properties  of  the  template  will  be  reflected  in  the  chemical  compo- 
sition (Si/Al  ratio)  of  a given  topology.  In  the  early  1960s,  the  TMA  cation 
was  introduced  as  the  first  organic  cation  to  be  used  in  zeolite  synthesis. |43i|8:° 

Thus  far,  it  has  not  been  possible  to  predict  the  actual  role  of 
templates  and  which  template  is  reported  to  obtain  a particular  structure  and 
composition.  Therefore,  in  selecting  possible  templates,  one  has  to  bear  in 
mind  some  general  criteria  regarding  templating  potential  in  zeolitization, 
such  as  solubility  in  the  solution,  stability  under  synthesis  conditions,  steric 
compatibility,  and  possible  framework  stabilization,  and  the  most  important 
practical  issue  is  to  remove  the  template  without  destroying  the  framework. 
The  synthesis  of  Omega  zeolite  is  strongly  favored  by  the  presence  of  TMA+ 
ions,  thus,  templates  can  be  structure-making  or  structure-breaking 
agents  J84k7°]  Also,  it  is  well-known  that  neutral  molecules,  as  well  as  cations 
or  ion  pairs,  are  able  to  fulfill  structure  and  composition  directing 
functions.  Each  one  of  these  can  be  organic  or  inorganic  in  nature.  Recently, 


Hydrothermal  Synthesis  and  Growth  of  Zeolites  353 


Feng,  et  al.,  (1998),  have  carried  out  the  amine  directed  synthesis  for  some 
of  the  zeolites. t85i 

The  cations  influence  greatly  the  type  of  zeolite  that  crystallizes 
from  aqueous  alkaline  magmas.  Also,  in  the  laboratory,  synthesis  of 
zeolite  cations  occupy  an  important  place,  not  only  as  structure  and 
composition  directing  agents,  but  also  as  agents  influencing  the  rate  of 
zeolite  synthesis. [25][37]  The  species  like  Na+,  Li+,  Cs+,  K+,  Rb+,  Ca2+,  Sr2+, 
tetra-alkyl-ammonium  cations  (TMA+,  TEA+,  TPA+,  dihydrozyethyl- 
dimethylammonium,  etc.),  dialkyl  and  trialkyl  amines,  phosphonium  com- 
pounds, etc.,  are  frequently  used.  Sometimes,  neutral  molecules,  like 
crown-ethers,  are  used  to  form  charged  species  upon  complexation  of  an 
alkali  metal  cation. 

Structure  making  cations  are  small  cations,  like  Na+  and  Li+,  which 
interact  strongly  with  water  molecules  because  of  their  high  charge  density. 
As  a result  of  this,  the  original  hydrogen  bonds  are  broken  and  the  water 
molecules  will  be  (reorganized)  organized  around  the  cations.  This  water- 
cation  interaction  is  shown  schematically  in  Fig.  6. 15. 
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Figure  6.15.  Schematic  diagram  of  water-cation  interaction^37] 


The  structure-breaking  cations  are  large  cations,  like  NFI+4,  K+, 
and  Rb+,  which  also  interact  with  the  water  molecules,  break  the  original 
hydrogen  bonds,  and,  therefore,  are  known  to  break  the  water  structure.170' 
Flowever,  there  are  some  large  cations,  like  tetra  alkylammonium,  which 
seem  to  organize  the  water  structure,  the  other  templating  neutral  molecules 
used  are  amines,  ethers,  alcohols,  di,  and  triols,  etc.'82!'86] 
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The  presence  of  salts,  e.g.,  NaCl,  KC1,  KBr,  CaF„  BaCl2,  BaBr0 
during  zeolite  synthesis  can  be  an  important  factor  as  these  ion  pairs  may  be 
occluded  (possibly  next  to  water  molecules)  into  the  pore  system,  thereby 
stabilizing  the  pore  structure.  These  nonvolatile  species  increase  the  silica, 
which  is  soluble  with  an  increase  in  temperature  and  open  several  new 
pathways  for  zeolites  synthesis  and  also  for  new  products  besides  improving 
crystallinity  and  yield. 

The  reader  can  go  through  the  excellent  reviews  given  in  Refs.  87 
and  88  on  the  role  of  organic  substances  in  the  synthesis  of  zeolites.  Table 

6.16  indicates  that  organic  bases  facilitate  the  formation  of  several  novel 
structures,  especially  those  with  extremely  silica-rich  zeolites,  such  as  the 
pentasils,  ZSM-5  and  ZSM-11,  and  also  zeolite  Nu-1  and  Fu-lJ37]  Table 

6.17  shows  the  organic  zeolite  structure  relationships.!77]  in  recent  years, 
several  zeolites,  like  ZSM-5,  mordenite,  and  other  related  zeolite  structures, 
could  be  synthesized  in  the  absence  of  any  organic  compound,  here  the 
hydrated  Na+  ions  are  able  to  function  as  templates  for  the  formation  of 
secondary  building  units. 

In  recent  years,  templating  has  found  several  new  applications.!89] 
Among  the  inorganic  materials  zeolites  have  been  widely  used  as  hosts  for  a 
variety  of  materials,  including  conjugated  polymers,  selenium,  chains,  etc. 
Zeolites  as  well  as  glass  or  alumina  nanoporous  membranes  have  been  used 
to  fabricate  organic  and  inorganic  tubules  or  fibrils.!90]  Carbon  nanotubes  can 
serve  as  removable  templates  for  other  inorganic  nanorods/nano  wires,  e.g., 
GaN,  Cu,  or  V205.!91]  The  mesoporous  materials  can  be  fabricated  with  a 
variety  of  shapes  and  sizes,  from  nanostructures,  to  almost  millimeter-size 
objects.!92]  Figures  6.16(a)  and  (b)  show  the  number  of  papers  published 
(including  patents  and  some  important  conference  proceedings)  in  the  years 
between  1989  and  1997  and  the  countries  actively  engaged  in  templating 
research.  Figure  6.16(a)  shows  a remarkable  increase  in  the  number  of 
papers  and,  moreover,  the  increasing  tendency  will  likely  continue  into  the 
future. 

6.5.7  Nucleation 

This  forms  an  important  paid  of  zeolite  synthesis  and  it  is  one  of  the 
most  complicated  aspects  because  the  chemical  precursors  here  are  more 
complex  and  varied  compared  to  the  chemical  precursors  in  the  formation  of 
many  ionic  solids,  like  M+C1  (M+  = Li,  Na,  K,  Rb,  Cs).  Nevertheless,  the 
stages  of  nucleation  are  more  or  less  the  same  in  all  cases,  i.e.,  small 
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aggregations  of  precursors  give  unstable  germ  nuclei,  some  of  these 
embryos  become  large  enough  to  be  stable  nuclei  and  spontaneous  depos- 
its of  more  material  on  such  nuclei  results  in  larger  crystallites. 

The  analysis  of  metastable  solution  structure  is  intimately  related 
to  nucleation  theory.  There  are  several  approaches  to  understanding  the 
nucleation,  ( i ) the  classical  theory,  and  (7/ ) the  modem  nucleation  theory.19311941 


Table  6.16.  Some  Zeolite  Syntheses  in  Presence  of  Organic  Bases[25] 


Cations 

Zeolite  Type 

Cations 

Zeolite  Type 

TMA+ 

Sodalite 

Li++Cs++TMA+ 

Camcrinite 

Gismondine 

Li-ABW 

Na++TMA+ 

Sodalite 

Zeolite  A 

Cancrinte 

Edingtonite  (K-F) 

Gismondine 

Anulcime 

Zeolite  A (isotypes  N-A, 

Offretite  (0) 

a,  ZK-4) 

Zeolite  (ZK-5 
(KFL) 

Funijusite 

Zeolite  ZSM-2 

Zeolite  TMA-E  (EAB) 

Gismondine 

Muzzite  (zeolites  W,  ZSM-4) 

Sodalite 

Zeolite  (Na,  TMA)-V 

Na++K++ 

Erionite 

benzyltrimethylammonium 

(isotypes  N and  Z-21) 

Losod 

Zeolite  Nu-1 

Na++  N 

Losod 

Zeolite  Fu-1 

Na++ONO 

Ca2++TMA+ 

Sodalite 

Gismondine 

Na++ 

1,a  ' neopentyltrimethylammonium 

Losod 

Ba2++TMA+ 

Erionite 
Zeolite  L 

Na++CH3N-  N+CH3 

Zeolite  ZK-5  (KFL) 

Erionite 

Levynite 

Oilretite 

primary  n-alkylamines(^2^°^-- 1 2) 

Zeolite  ZSM- 

5(MFL) 

]SJa+_L 

1,(1  'isopropylamine,  dipropylamine 

Zeolite  ZSM-5 

Chabazite 

or  dibutylamine 

Na++NH2(CH2)6NH2 

Zeolite  ZSM-5(MFL) 

NH 

1 ' li4+tetrapropylammonium 

Zeolite  ZSM-5 

Na 

1 ' a+tetrapropylammonium 

Zeolite  ZSM-5 

Na+ 

1 ' a +tetrapropylammonium 

Zeolite  ZSM-8 

Na+ 

1 ' a +tetrapropylammonium 

Zeolite  ZSM-ll(MFL) 

Na+ 

1 ' a +benzyltriphenylammonium 

Zeolite  ZSM-1 1 

Na+ 

-Hetrapropylammonium 

Zeolite  ZSM-1 1 

■^^4  +tetrapropylammonium 

Zeolite  ZSM-1 1 
Zeolite  ZSM- 10 

k++ch3n 

nch3 

Na+  + 

1 ' a -t-K^+tetrapropylammonium 

Zeolite  ZSM-8 

with  Cr(OH)3,  Fe(OH)3,  Al(OH3) 
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Table  6.17. Organic  Zeolite  Structure  Relationships1771 


Organic 

Structure 

Structure  Type 

TEA 

P 

? 

ZSM-8 

ZSM-5 

ZSM-12 

? 

ZSM-20 

Faujasite 

Mordenite 

Mordenite 

ZSM-25 

? 

Methyltrienthyl-ammoulum 

ZSM-12 

? 

TPA 

ZSM-5 

ZSM-5 

n-Propylamine 

ZSM-5 

ZSM-5 

TBA 

ZSM-11 

ZSM-11 

Choline 

ZSM-38 

Ferrierite 

ZSM-34 

Erionite-Oflretite 

ZSM43 

? 

CZH-b 

? 

TMA  + TBA 

ZSM-39 

ZSM-39 

TMA  + n-propylamine 

ZSM-39 

ZSM-39 

ZSM-48 

ZSM-12? 

Pyrrolidine 

ZSM-35 

Ferrierite 

ZSM-21 

Ferrierite 

ZSM-23 

? 

1 , 2-Diaminoethane 

ZSM-5 

ZSM-5 

ZSM-21 

Ferrierite 

ZSM-35 

Ferrierite 

1, 3-Diaminoethane 

ZSM-35 

ZSM-5 

Ferrierite  ZSM-5 

1 , 4-Diaminoethane 

ZSM-35 

ZSM-5 

Ferrierite,  ZSM-5 

1, 5-Diaminoethane 

ZSM-35 

ZSM-5 

1 , 6-Diaminoethane 

ZSM-5 

ZSM-5 

1, 7-Diaminoethane 

ZSM-11 

ZSM-11 

1 , 8-Diaminoethane 
ZSM-11 

ZSM-48 

ZSM-11 

1 , 9-Diaminoethane 

ZSM-11 

ZSM-11 

1, 10-Diaminoethane 

ZSM-11 

ZSM-11 

DDO 

ZSM-10 

? 

ZK-5 

? 

MDO 

ZK-20 

Levynite 

MQ 

LZ-132 

Levynite 

Nu- 

Levynite 

TQA 

ZSM-18 

? 

BP 

LOSOD 

LOSOD 

Dihexamethylene-triamine 

ZSM-30 

? 

Neopentylamine 

Mordenite 

Mordenite 
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Figure  6.16.  (a)  Pie  chart  of  the  countries  activey  engaged  in  templating 

research  based  on  the  number  of  papers  published  (including  patents  and  some 
important  conference  proceedings)  in  the  years  between  1989  and  1997.  (b) 
Histogram  of  number  of  papers  published  (including  patents  and  some  impor- 
tant conference  proceedings)  in  the  years  between  1989  and  1997.  (c)  Number 
of  papers  published  in  the  journals  on  templating  between  1989  and  1997.189! 
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In  the  first  case,  if  a solution  is  in  a metastable  state  (supersatu- 
rated solution)  it  will,  sooner  or  later,  enter  another  state,  which  is  stable. 
Gibbs  was  the  first  one  to  propose  that  the  work  of  the  critical  nucleus 
formation  can  be  considered  as  a measure  of  the  metastable  state  stability. 
Gibbs’  idea  was  further  developed  by  Volmer-Doring,  Frenkel,  Zeldovich, 
and  Lifshitz-Spyozov,  using  thermodynamic  concepts.  The  modern  theo- 
retical models  of  nucleation  are  based  on  the  field-theoretic  approach  to 
nonequilibrium  dynamics  of  the  metastable  state.  These  models  provide 
an  alternative  to  the  classical  theories. 

Nucleation,  on  the  whole,  occurs  from  supersaturation,  and  it  can  be 
of  two  types,  homogeneous  and  heterogeneous  nucleation,  the  former  occurs 
spontaneously,  and  the  latter  is  induced  largely  by  the  presence  of  impurities 
or  foreign  particles  present  in  the  solution. 

Barrer  (1982)  has  summarized  the  general  properties  of  nucleation 
that  can  be  applied  to  zeolite  synthesis  also. 

1.  Rates  of  nucleation  increase  with  the  extent  of 
undercooling,  i.e.,  with  increasing  metastability;  however, 
viscosity  also  tends  to  increase,  often  rapidly,  as 
temperature  falls,  so  that  effects  of  the  degree  of 
undercooling  and  of  viscosity  oppose  one  another  in 
influencing  nucleation  rates  that  can  then  pass  through  a 
maximum  as  temperature  falls. 

2 . An  incubation  period  is  observed,  particularly  in  condensed 
phases,  during  which  nucleation  cannot  be  detected. 

Even  in  seeded  solutions,  metastable  regions  of 
supersaturation  can  occur  within  which  nucleation  is  not 
detectable.  In  many  phase  studies  involving  solutions, 
well-defined  composition  boundaries  are  found  beyond 
which  nucleation  occurs  freely  so  that  under  appropriate 
conditions  the  rate  of  nucleation  increases  extremely 
rapidly  with  the  degree  of  supersaturation. 

3.  The  extent  of  the  incubation  time  can  be  changed 
significantly  by  very  small  changes  in  composition. 

4.  The  onset  of  nucleation  often  depends  on  the  previous 
history  of  the  system. 

The  formation  of  nuclei  takes  place  during  the  entire  process  of 
crystallization,  but  the  rate  of  nucleation  increases  only  during  its  initial  stage. 
During  the  formation  of  viable  nuclei,  different  kinds  of  germnuclei  (embryos) 
will  form  by  chemical  aggregations  of  the  precursor  species  mentioned  above 
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and  disappear  again  upon  depolymerization. Fri  As  a result  of  such  fluctua- 
tions, in  time  the  germ-nuclei  will  grow  and  eventually  form  different  kinds 
of  nuclei  with  dimensions  having  the  critical  size  to  become  viable,  i.e.,  nuclei 
on  which  crystal  growth  occurs  spontaneously. 

The  nucleation  theory  with  reference  to  the  zeolite  synthesis  can  be 
approached  from  different  angles.  Subotic  and  Bronic  ( 1986)  have  developeda 
theory  guided  by  their  experimental  observation. [67J  In  this  connection,  the 
theory  proposed  by  Zhdanov  (1971)  and  Samulevich  (1980)  infers  that 
zeolite  nuclei  must  be  hidden  in  the  amorphous  gel  and  released  during  gel 
dissolution!50]  The  basis  for  their  theory  is  the  empirical  equation: 


m= 


mz(t) 

mzitq) 


= Kf 


where:  /=  % zeolite  relative  to  the  final  equilibrium  value,  t = crystallization 
time,  q = constant  power,  K = constant  coefficient. 

Warzywoda  and  Thompson  (1989)  proposed  the  autocatalytic 
nucleation  that  can  be  incorporated  in  the  population  balance  formalism, 
which  allows  inclusion  of  gel  and  solution  material  balances!95]  Using  the 
population  balance  formalism,  one  can  simulate  crystal  size  distribution 
behavior  and  extend  these  simple  analyses  to  other  crystallizer  types. 
However,  it  has  been  shown  that  the  predicted  nucleation  rate  profile  for  such 
a process  is  unlikely,  as  observed  experimentally.  Nuclei  released  from  the 
gel  are  nucleated  much  later  in  the  crystallization  process  than  observed 
experimentally!95] 

The  net  free  energy  of  formation  of  spherical  nucleus  can  be 
expressed  in  terms  of  degree  of  supers aturation  (5),  the  density  (p)  and 
surface  energy  (cr)  of  the  nucleus  as!95l 


16  nc\MWy 

A?  = y 

3(RTp]nS)2 

It  is  obvious  from  the  above  equation  that  from  a saturated  solution 
(S  = 1 , In  5 = 0)  no  spontaneous  nucleation  can  occur  as  the  value  for  Ag 
equals  infinity.  For  a supersaturated  solution  (5  > 1 ),  Ag  has  a finite  negative 
value  and  hence,  spontaneous  nucleation  is  possible!95] 

The  nucleation  rate,  J (number  of  viable  nuclei  formed  per  unit  of 
time)  is  commonly  described  as  an  Arrhenius  rate  equation!96] 


J = Aexpf 
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The  above  relation  predicts  an  exponential  increase  in  the  nucle- 
ation  rate  for  an  increasing  supersaturation  degree  once  a critical  degree  of 
supersaturation  has  been  reached. 

Experimentally,  the  rate  of  nucleation  can  be  derived  from  crystal 
size  distribution  measurements  in  the  final  crystallization  product  and  size 
increase  measurements  of  the  largest  crystals  during  the  course  of  crystalli- 
zation.dbd7]  As  the  nucleation  and  crystal  growth  are  assumed  to  consume 
the  same  precursor  species,  the  nucleation  rate  is  expected  to  go  through  a 
maximum  and  decline  again  after  a certain  period  of  time  when  the  consump- 
tion of  precursor  species  by  crystal  growth  will  limit  their  availability  for 
forming  new  nuclei. 

Several  kinetic  models  have  been  proposed  for  the  crystallization 
of  zeolite  based  on  the  above  considerations.  A reader  can  get  more 
information  in  Refs.  25,  37,  95,  and  97.  Figure  6.11(a)  shows  (1)  the 
growth  in  the  number  of  nuclei  and  (2)  change  in  the  rate  of  their 
formation  during  crystallization  A,  and  (b)  crystallization  of  zeolites  as  a 
function  of  time.  Figures  6.18(a)  shows  (1)  the  crystal  size  growth  of  Na- 
X zeolite  during  crystallization  of  the  gel  and  ( 2 ) the  histogram  of  crystal 
size  distribution  in  the  final  product;  (b)  shows  (1)  the  derivative  of  curves 
(1)  and  (2)  of  Fig.  6.18(a),  (2)  nucleation  kinetic  curve,  and  (3)  the  crystal 
mass  growth  curve  for  Na-X  zeolite,  calculated  from  the  data  in  Fig.  6.18 
(a)  and  (b). 
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Figure  6.17.  (a)  Growth  of  number  of  nuclei  (1)  and  change  in  rate  of  their 
formation  (2)  during  crystallization  of  zeolite  (A).  ( b ) Crystallization  of 

zeolites  as  a function  of  time;  1)  zeolite  A,  373  K,  2)  zeolite  X,  373  K,  and  3) 
mordenite,  573  K. 
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(b) 

Figure  6.17.  (Cont’d.) 


(a) 

Figure  6.18.  (a)  Crystal  size  growth  of  Na-X  zeolite  during  crystallization  of  the 
gel  (1)  and  the  histogram  of  crystal  size  distribution  in  the  final  product  (2).  (b) 
(1)  Derivative  of  curves  1 and  2 of  (a),  (2)  nucleation  kinetic  curve  (3)  and  the 
crystal  mass  growth  curve  for  Na-X  zeolite. t25i 
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Figure  6.18.  (Cont’d.) 

In  recent  years  there  has  been  considerable  progress  made  in  the 
field  of  accelerating  the  kinetics  of  low-temperature  inorganic  synthesis.198' 
Several  techniques,  like  sonochemical  (acoustic  wave  stimulation),  ionizing 
and  nonionizing  radiation,  microwave  hydrothermal,  hydrothermal  process 
with  superimposed  electric  fields,  hydrothermal  process  with  mechanical 
forces,  and  mechanochemical,  including  very  high  uniaxial  pressure  and 
shear.  In  order  to  have  a coherent  approach  to  correlate  the  kinetics  of 
crystallization  with  crystal  size  distribution,  Figure  6.19,  shows  the  concep- 
tual diagram  of  nucleation  and  crystallization  of  zeolite  A.  Carmona,  et  al., 
(1997)  have  explored  the  crystallization  of  VPI-5,  a microporous  A1P04 
phase,  using  conventional  boiling  and  refluxing  systems,  conventional  hydro- 
thermal  reactors, microwave  activated  refluxing  systems,  and  microwave 
hydrothermal  reactors.  They  explained  the  microwave  activation  techniques 
in  terms  of  the  influence  of  microwaves  in  the  change  of  coordination  of  Al 
in  the  gel  from  octahedral  Al  (o)  to  tetrahedral  Al  (T),  to  yield  the  specific  Al 
(o)/Al  (T)  ratio  in  the  gel  precursor  necessary  to  direct  the  crystallization  of 
VPI-5,  and  in  terms  of  the  rapid  heating  obtained  by  using  microwaves 
necessary  to  reduce  the  probability  of  the  formation  of  intermediate  meta- 
stable phases. 
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Figure  6.19.  Conceptual  diagram  of  nucleation  and  crystallization  of  zeolite  A. 1251 


6.6  CRYSTAL  GROWTH 

The  synthesis  of  zeolites  at  temperatures  around  100°C  usually 
produces  crystals  in  the  size  range  0. 1-10  pm.  In  applications  as  catalysts, 
sorbents,  and  ion  exchangers,  this  size  range  is  fully  suitable.  The  small  size 
indicates  that  once  nucleation  begins  there  is  rapid  formation  of  numerous 
tiny  particles  all  competing  for  the  available  chemical  nutrients.  In  order  to 
carry  out  the  single  crystal  x-ray  diffraction  studies,  zeolites  should  be  100 
pm,  or  even  more,  in  diameter.  Similarly,  for  other  examinations,  like 
molecule  and  ion-selective  membranes  or  other  electrochemical  studies, 
bigger  crystals  are  required.  Therefore,  crystal  growth  of  zeolites  can  be  both 
challenging  and  interesting  as  well.  Natural  zeolites  occur  as  large  single 
crystals,  however,  these  are  often  impure,  rare,  and  require  conditions  that 
cannot  be  reproduced  in  the  laboratory.!46!  Large  zeolite  crystals  are  difficult 
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to  produce  in  the  laboratory  by  conventional  hydrothermal  synthesis 
where  crystal  formation  is  controlled  to  a large  extent  by  the  solubility  of 
the  reagent  gel  particles,  the  rate  of  generation  of  nucleation  centers,  and 
the  solubility  of  the  resulting  products. [50l  The  low  solubility  of  the 
crystallization  products  leads  to  a high  degree  of  supersaturation,  causing 
high  nucleation  leading  to  the  formation  of  small  crystals.  A careful 
monitoring  of  the  reactants,  dilution  temperature,  agitation,  and  crystalli- 
zation time,  has  yielded  some  large  crystals  of  some  zeolite  types.  Simi- 
larly, the  use  of  slow-release  complexing  agents  seeding  sub  and 
supragravity  conditions  to  increase  crystal  size  are  met  with  limited 
success.  There  are  several  works  on  the  crystal  growth  of  zeolites. 

Crystal  growth  succeeds  nucleation,  i.e.,  the  nuclei  will  grow  by 
addition  or  condensation  of  precursor  species  towards  full-grown  crystals. 
The  autocatalytic  nature  of  the  first  stage  of  the  crystallization  reflects  the 
self-accelerating  behavior  of  a crystallization  process. 

Crystal  size  can  be  influenced  by  experimental  factors  which  alter 
the  numbers  of  viable  nuclei  that  develop  so  that  if  these  numbers  are  reduced 
a greater  share  of  the  chemical  nutrients  is  available  for  each  growing  crystal. 
The  use  of  seed  crystals  can  be  similarly  employed  in  the  case  of  zeolites,  Na- 
Y,  Na-X.  The  smaller  the  number  of  seeds  involved  the  larger  the  average 
size  of  the  final  crystals  because  a larger  amount  of  chemical  nutrient  is 
available  for  each  crystal  before  these  nutrients  are  exhausted.  Ghobarkar 
(1992),  Ghobarkar  and  Schaf  (1996(a);  1996 (b);  1997),  Kuperman,  et  al. 
(1993),  Mel’nikov,  et  al.  (1973),  Demianets,  et  al.  (1973),  have  carried  out 
extensive  work  on  hydrothermal  crystal  growth  of  several  zeolites  and 
studied  their  morphology  in  detail.  [too]-[i06]  Figures  6.20-6.23( a )-(j ) show  the 
characteristic  photographs  of  various  zeolite  crystals  obtained  under  hydro- 
thermal  conditions.  Kuperman,  et  al.  (1993)  have  used  a nonaqueous 
solvent,  a mineralizing  agent,  reagent  quantities  of  water,  an  optional  organic 
template,  silica  or  silica  and  alumina,  or  alumina  and  phosphorous,  oxide 
sources  to  obtain  giant  crystals  of  zeolites  and  molecular  sieves.  h°4!  A close 
examination  of  the  reactant  products,  under  a polarizing  microscope,  didn’ t 
show  any  twining.  Ghobarkar  and  Schaf  (1996,  1997)  have  earned  out 
hydrothermal  experiments  and  found  that  at  1 kbar  pressure  and  an  experi- 
mental duration  of  6 weeks  maximum,  the  zeolite  phases,  thomsonite  and 
edingtonite,  were  formed  in  the  whole  temperature  range  between  80°C  and 
230°C,  and  at  1 kbar  pressure  and  at  an  experiment  duration  of  8 weeks 
maximum,  the  zeolite  phase-natrolite  was  formed  in  a temperature  interval 
between  80°C  and  150°C.[102k103l 
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(a) 


(b) 

Figure  6.20.  (a)  Schemetic  diagrams  of  zeolite  crystals  obtained  under  hydro- 
thermal  conditions.  Development  of  mineral  phase  depending  on  the  temperature. 
(b)  Crystal  of  A-zeolite  at  (a)  150°C  and  (b)  250°C.l10°] 
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(a) 


Figure  6.21.  (a)  Crystal  of  a-eucryptite  at  (a)  300°C,  (b)  350°C,  (c)  400°C, 
and  450°C  (d).  (b)  Crystals  of  j3-spoduinene  at  (a)  350°C,  (b)  400°C,  (c) 
500°C,  (d)  550°  and  (e)  650°C.l|0°) 
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Figure  6.22.  (Cont’d.) 
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Figure  6.23.  SEM  of  crystals  of  (a)  silicaline-1,  ( b ) dodecasil-3C,  (c)  Natro- 
lite,  (d)  Chabasite,  (e)  A-Zeolite,  (f)  Merilonite,  (g)  Dachiardite,  (h)  Thomsonite, 
( i)  Epistilbite,  and  (j)  Gmelinite.  ( Photos  courtesy  of  Prof.  Ghobarkar,  H.) 
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Figure  6.23.  (Cont’d.) 
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Figure  6.23.  (Cont’d.) 
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Figure  6.23.  (Cont’d.) 


Among  all  the  zeolite  groups  of  materials,  only  sodalite  has  been 
obtained  as  bulk  single  crystals,  owing  to  its  attractive  optical  properties  as 
nanocomposites  in  quantum  electronics  and  nonlinear  optics.  Sodalites  may 
be  represented  by  the  general  formula  Mg  [A1S04]6.  X2,  where  M = Na,  Li, 
Ag,  ...,  and  X = Cl,  Br,  C104,  ....  The  sodalite  framework  consists  of 
alternating  Si04  and  A104  corner  sharing  tetrahedra  forming  four  and  six 
rings,  which  make  up  the  basic  (3-case  unit  common  to  several  zeolites.  A 
semi-condensed  structure  is  formed  through  linkage  of  the  (3-cases  via  six 
rings,  with  M4  X clusters  located  at  the  center  of  each  cage  as  shown  in  Fig. 
6. 24. 1 1071  The  replacement  of  the  framework  A1  and  Si  by  the  larger  Ga  and 
Ge  affects  the  structure,  the  introduction  of  larger  framework  atoms  may  also 
allow  the  enclathration  of  larger  anions  which  can’t  be  normally  incorporated 
into  aluminosilicate  sodalites.  The  most  promising  method  for  the  production 
of  sodalite  single  crystals  is  the  hydrothermal  method,  as  any  attempt  to  grow 
sodalite  from  the  melt  simply  produces  glass  of  an  analogous  composition 
while  growing  from  solution  in  the  melt  yields  small  crystals  of  < 2 mml1061 
Thus,  sodalite  is  normally  synthesized  from  strong  basic  media  under  mild 


Hydrothermal  Synthesis  and  Growth  of  Zeolites  375 


hydrothermal  conditions,  however,  by  using  ethylene  glycol  as  a solvent, 
Bibby  and  Dale  ( 1985)  prepared  a purely  siliceous  sodalitc. 13711 108  In  fact,  the 
exploration  in  hydrothermal  systems  of  reactions  yielding  salt-bearing  so- 
dalites  began  nearly  120  years  ago. 11 091 0 10!  Carlgren  and  Cleve  ( 1 892)  made 
the  sodalites  from  Kaolinite  and  aqueous  caustic  soda  containing  the  relevant 
dissolved  salts  at  temperatures  ranging  from  about  1 85°C  to  220°C.  Sodalite 
can  also  be  made  very  easily  in  the  absence  of  any  salts,  then  they  contain 
only  zeolitic  water  and  a limited  amount  of  soda.  0 1(11  However,  the  produc- 
tion of  large  single  crystals  under  hydrothermal  conditions  is  very  long  and 
cumbersome.  In  fact,  some  experiments  have  been  carried  out  for  six 
months.  Demianets,  et  al.  (1992)  have  studied  the  solubility  of  sodalite  in 
aqueous  solutions  of  NaOH  (10-40  wt%)  between  200  and  300°C.  Figure 
6.25  shows  the  dependence  of  solubility  of  sodalite  and  the  NaOH  concen- 
tration at  constant  temperatures.  The  soluble  curve  of  natural  sodalite 
(hackmanite)  lies  rather  below  the  curve  plotted  for  the  soluble  of  artificial 
sodalite.  The  synthetic  mineral  dissolves  considerably  at  a rapid  rated106! 


Figure  6.24.  Sodalite  cage  containing  M4X  cluster.1107! 
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Figure  6.25.  Dependence  of  solubility  of  sodalite  and  the  NaOH  concentration 
at  constant  temperature.11061 


Mel’nikov,  et  al.  (1973)  have  carried  out  the  hydrothermal  growth 
of  bulk  sodalite  crystals  using  seed  crystals  and  have  studied  the  kinetics 
of  crystallization  in  detail.  The  experimental  temperature  was  varied  from 
150  to  400°C  in  steps  of  50°C.  Figure  6.26  shows  the  relation  between  the 
growth  rates  of  sodalite  crystals  in  the  directions  and  the  temperature 
gradient  (a)  200°C,  (b)  250°C,  (c)  300°C,  and  (d)  350°C.[105]  The  mass 
transfer  associated  with  the  crystallization  of  sodalite  depends  linearly  on 
the  temperature  gradient  for  a constant  growth  temperature.  They  have 
found  a direct  relationship  between  the  growth  rates  of  the  sodalite  faces 
and  the  temperature  drop  at  constant  temperature  and  an  exponential 
temperature  dependence  at  constant  supersaturation.11051  Recently,  Fiayashi, 
et  al.  (1998)  have  grown  millimeter  sized  aluminosilicate  sodalite  single 
crystals  under  hydrothermal  conditions.11121 

In  spite  of  the  interesting  results  obtained  by  the  above  authors,  the 
quantum  of  data  available  on  crystal  growth  is  just  meager  compared  to  the 
synthesis  of  zeolites.  It  has  to  be  understood  in  greater  detail. 
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Figure  6.26.  Relation  between  the  growth  rates  of  sodalite  crystals.1105! 


6.7  ALUMINOPHOSPHATE  ZEOLITES 

Aluminophosphate  zeolites  represent  a new  class  of  microporous 
inorganic  solids  with  the  potential  to  be  as  useful  and  as  scientifically 
challenging  as  the  aluminosilicate  zeolites  and  form  a part  of  the  history  of 
framework  of  oxide  molecular  sieves.  The  basis  for  the  synthesis  of  such 
zeolites  is  the  crystal  chemical  similarities  between  Si  and  P,  and  A1P04  and 
Si02  in  particular.  The  unique  feature  of  these  zeolites  is  the  compositional 
similarity  and  a great  structural  diversity.  The  basic  structural  units  consist  of 
alternating  A1  and  P with  A1  exhibiting  octahedral  coordination  and  pressure, 
and  tetrahedral  coordination.  The  two  waters  of  hydration  occupy  positions 
in  the  coordination  sphere  of  Al. 

The  synthesis  of  aluminophosphate  zeolites  does  not  differ  much 
from  that  of  the  synthesis  of  aluminosilicate  zeolites,  the  procedure  is  as 
follows:  equimolar  amounts  of  a reactive  hydrated  alumina  like  boehmite, 
and  phosphoric  acid  are  dissolved  in  water.  An  aluminophosphate  gel  is 
formed,  to  which  a templating  agent  (R),  an  organic  amine  or  a quaternary 
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ammonium  salt,  is  added.  This  mixture  is  digested  quiescently  in  the 
preferred  temperature  range  of  125-200°C.  A crystallization  product  is 
formed,  which  is  worked  up  using  procedures  typical  of  zeolite  synthesis. 
About  23  structure  analogs  of  three  zeolites,  (i)  erionite  (A1P04-17),  (77) 
sodalite  (AlPO4-20),  and  (iii)  analcime  (AlP04-24),  have  been  obtained.!1 1 1 ! 
Some  of  the  novel  structures  are  AlP04-5,  -11,  -14,  -18,  -31,  and  -33. 
Among  these,  AlP04-5  was  the  first  A1P04  molecular  sieve  synthesized  and 
it  was  found  to  be  a novel  structure  belonging  to  the  hexagonal  system. 
Similarly,  in  the  preparation  of  aluminophosphate  zeolites,  the  precursor  gel 
contains  four  components,  an  alumina  source,  a phosphate  source,  water, 
and  an  organic  amine  or  quaternary  ammonium  salt.  The  relative  concentra- 
tions of  the  reactants  are  very  important  and,  similarly,  without  the  presence 
of  organics  no  aluminophosphate  zeolites  molecular  sieves  can  be  formed.  In 
most  of  the  cases,  the  ratio  of  A1:P  is  1.0.  The  commonly  used  organics  are 
amines  and  quaternary  ammonium  cations  i-Pr9NH,  n-PisNH,  n-BuEtNH, 
Et2NH,  n-Bu2NH,  n-Pe2NH,  Me2NH,  n-BuNH2,  n-HexNH2.  A wide 
variety  of  templating  agents  has  yielded  almost  as  wide  a variety  of  structure 
types.  The  various  structure  types  include  a broad  range  of  pore  size  and 
volumes  as  broad  as  that  found  among  synthetic  zeolites.  The  A1P04 
frameworks  have  excellent  thermal  and  hydrothermal  stability.  The  surface 
character  of  the  A1P04  molecular  sieves  differs  from  that  of  the  silica 
molecular  sieves  even  though  both  framework  types  are  neutral  with  no 
extra- framework  cations.  The  molecular  sieve  silicalite  is  hydrophobic  and 
the  A1P04  molecular  sieves  are  moderately  hydrophilic.  Zeolites  are  hydrophilic 
due  to  the  interaction  of  the  dipole  of  the  H90  molecule  with  the  electrostatic 
fields  of  the  anionic  aluminosilicate  framework  and  the  balancing  non-framework 
cations.  The  hydrophilicity  of  the  A1P04  materials  is  apparently  due  to  the 
difference  in  electronegativity  between  A1  (1.5)  and  P (2. 1).  Neither  mecha- 
nism is  possible  with  silica  molecular  sieves.  The  A1P04  molecular  sieves  do 
exhibit  less  affinity  for  H0O  than  the  hydrophilic  zeolites,  such  as  type  A or 
type  X. 

The  problems  associated  with  the  aluminophosphate  zeolites  crys- 
tallization are  traced  to  the  similarity  in  the  composition  and  diversity  in  the 
structure.  Therefore,  one  has  to  monitor  carefully  each  step  in  order  to 
prepare  a desired  zeolite  phase  and  its  reproducibility.  In  the  case  of 
aluminophosphate  zeolites  crystallization,  the  gel  preparation,  gel  pretreat- 
ment, gel  aging,  pH  of  the  media,  experimental  duration,  experimental 
temperature  of  synthesis,  molar  proportions  of  the  starting  material,  type  of 
organics,  and  the  time  of  addition  of  organics,  and  alumina  source  play  an 
important  role.  The  aluminosilicate  zeolites  are  crystallized  in  a strong  basic 
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medium  with  a pH  of  the  reaction  mixture  > 13,  whereas,  for  the  success- 
ful crystallization  of  aluminophosphate  zeolites,  the  pH  range  of  the 
hydrous  gel  is  found  to  be  in  the  range  of  3.5-6.0.[113]  Any  slight  change  in 
the  above  listed  parameters  largely  influences  the  resultant  product.  Fig- 
ures 6.27  and  6.28  show  the  possible  experimental  procedures  for  treating 
the  A1P04  gel. 


Figure  6.27.  Possible  experimental  procedures  for  treating  the  A1P04  gel.t1 141 


1.0  PrjNH  l OAIjO,:  1.0  FJ,  0*40  HjO 
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DFADHP  : di-n- propylarmxjnium  di-hydrogenptiosphate 
C = AlPCUtO 

T : AlPOj  (T) 

H : unre-scttftj  Al  (OH)-,  .xH  O 

11  tAIP04-11 

41  ^ Al  PO  4-41 

31  = Al  PO4  - 31 


Figure  6.28.  Effect  of  various  hydrothermal  treatments  on  the  amine  contain- 
ing A1P04  gel.1114] 
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It  was  well  known  that  the  hu  gest  ring  in  silica  zeolites  consisted 
of  twelve  tetrahedral  (12  T atoms)  and  this  concept  remained  for  over  180 
years,  since  the  first  discovery  of  natural  zeolite  with  12-T  atom  rings,  viz., 
gmelinite,  took  place  during  1807J184191  Davis,  et  al.,  (1989)  have  synthe- 
sized for  the  first  molecular  sieve  with  rings  that  possess  greater  than  12-T 
atoms. O14]  Virginia  Polytechnic  Institute  No.  5 (VPI-5)  is  a family  of 
aluminophosphate  based  molecular  sieves  with  the  same  3-d  topology.  The 
extra-large  pores  of  VPI-5  contain  unidimensional  channels  circumscribed  by 
rings  that  have  18-membered  rings  and  possess  free  diameters  of  approxi- 
mately 12  to  13  A)114!  It  was  only  during  1996  that  Freyhardt,  et  al., 
synthesized  the  first  aluminosilicate  zeolite  with  its  ellipitcal  14-tetrahedral- 
atorn  pore  opening)1 151  For  the  synthesis  of  VPI-5,  pseudoboehmite,  85  wt% 
H3P04,  tetrabutylammonium  hydroxide  (TB  A)  and  n-dipropylamine  (DPA) 
were  used.  Schmidt,  et  al.  (1992)  have  studied  the  VPI-5  synthesis  in 
detail)116^  Here,  we  describe  only  the  synthesis  of  VPI-5  to  show  the 
peculiarities  involved  in  the  synthesis  of  aluminophosphate  zeolites  in 
general.  In  this  regard,  the  experimental  results  of  Schmidt,  et  al.  (1992)  are 
very  interesting  for  a reader)1 161  The  reaction  temperature  was  varied  from 
100-200°C  using  two  different  gel  compositions  in  order  to  find  the  optimum 
conditions  for  VPI-5  crystallization.  Figure  6.29  shows  the  dependence  of 
the  various  A1P04 phases  upon  the  reaction  temperature  for  different  molar 
ratios. 

The  change  in  temperature  results  in  the  appearance  of  various  other 
phases  like  A1PO-1 1,  A1PO-H3,  in  addition  to  VPI-5.  Figure  6.29  clearly 
indicates  a very  narrow  temperature  range  for  the  crystallization  of  VPI-5, 
which  depends  essentially  upon  the  molar  ratio  of  DPA  = AL,03:P005:H20. 
It  has  been  shown  that  the  use  of  bigger  autoclaves  can  reduce  the  formation 
of  other  phases  which  might  be  connected  with  slower  heating  rate  and 
temperature  gradients/thermal  currents  within  the  liners. 

Similarly,  Schmidt,  et  al.  have  studied  the  effect  of  reaction  time  on 
the  crystallization  of  A1P04  phases.  Figure  6.30  shows  the  dependence  of  the 
various  A1P04  phases  upon  reaction  time  at  124°C  for  the  molar  ratio  1 
DPA:  1 AL,03: 1 P205  = 40  H00.  Thus,  the  hydrothermal  crystallization  of 
aluminophosphate  zeolites  from  the  reaction  gel  mixture  is  usually  controlled 
kinetically  and  the  first  nucleus  that  reaches  the  critical  size  will  determine  the 
final  production. 

Figure  6.31  shows  a schematic  representation  of  the  triple  helix  of 
water  molecules  within  the  1 8-ring  channel. 
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A majority  of  the  aluminophosphate  zeolites  undergo  phase  tran- 
sitions when  calcined.  For  example,  when  VPI-5  is  heated  to  130°C  under 
ambient  pressure,  it  leads  to  a total  phase  transition  of  VPI-5  to  A1P0-8. 
Figure  6.32  shows  the  schematic  representation  of  the  transformation  of 
VPI-5  into  AIP04-8J 1 171  This  transformation  takes  place  after  the  removal  of 
water  under  specific  washing  and  drying  steps  of  the  as-synthesized  materi- 
als, the  transformation  may  be  complete  when  occluded  water  is  removed 
above  100°C. 

Thus,  the  synthesis  of  aluminophosphate  zeolites  involves  a careful 
understanding  of  the  influence  of  several  experimental  parameters. 


1 OPA  : 1 AE0S:1  P2M:40H2C1 
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Figure  6.29.  Dependence  of  various  A1P04  phases  upon  reaction  temperature 
for  different  molar  ratios. Ui6] 
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Figure  6.30.  Dependence  of  the  various  A1P04  phases  upon  reaction  time  at 
124°C  for  the  molar  ratio:  1:DPA:1  A1203:1  P205  = 40  H2O.1 1 lfil 


Figure  6.31.  Schematic  representation  of  the  triple  helix  of  water  molecules 
within  the  18-ring  channel.!1 16] 
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Figure  6.32.  Schematic  representation  of  the  transformation  of  VP-5  into 
AlP04-8.[ii7] 


6.8  GROWTH  OF  ZEOLITE  THIN  FILMS  AND  CRYSTALS 
AT  INORGANIC/ORGANIC  INTERFACES 
(PREPARATION  OF  ZEOLITE-BASED  COMPOSITES) 

There  is  a growing  interest  in  the  development  of  inorganic  films  and 
membranes  with  controllable  porosity  owing  to  their  promising  applications 
in  asymmetric  membranes,  catalytic  monoliths,  and  chemical  sensors. [1I81- 
11211  The  interest  in  microporous  thin  films  is  primarily  motivated  by  their 
potential  molecular  sieving  action,  large  surface  areas,  and  controlled  host- 
sorbate  interactions,  especially  at  low  vapor  pressures.  Some  authors  have 
explored  several  possibilities/strategies  for  thin  film  formation,  including  dip- 
coating of  zeolite/silica  sol  suspensions,  and  chemical  attachment  of  zeolite 
crystals  via  molecular  coupling  layers. [120][121]  Similarly,  zeolites  also  have 
been  embedded  into  polymers,  covered  with  glazes  and  extruded  into 
composite  monoliths.1 12211 1231  It  was  observed  that  in  order  to  enhance  control 
of  molecular  selectivity  in  sensors,  it  would  be  desirable  to  tune  or  switch  the 
pore  size  of  zeolite  crystals  in  the  film.  Thus,  the  authors  have  adopted  such 
a concept  by  forming  zeolite  CaA/silica  composite  thin  films  and  control- 
ling the  zeolitic  pores  through  in-situ  cation  exchange  and  developed 
several  composites.  One  such  composite  typically  consists  of  lOOpg/cm2 
of  zeolite  crystals  and  10  pg/cm2  of  amotphous  silica  over-layer.  The 
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thickness  of  the  silica  layer  is  estimated  to  be  about  20  nm  when  assuming 
a density  of  2.2  g/cm3  and  a smooth  surface.  Systematic  studies  of  the 
cation  exchange  in  zeolite/silica  composite  films  and  soiption  in  the 
composite  films  have  been  carried  out  by  Yan  and  Bein  (1995). ti2i] 
Figures  6.33 (a)  and  (b)  show  the  assembly  of  zeolite  CaA  crystals  on  a 
silozane  layer  on  a gold  surface,  and  stabilization  with  20  nm  silica  layer. 
Figure  6.34  shows  the  mass  changes  of  zeolite  silica  composite  films 
exchanged  with  different  cations  on  a piezoelectric  substrate.  Figure  6.35 
shows  a schematic  diagram  of  the  SAW  device  covered  with  molecular 
sieve  layer.  Figure  6.36  shows  the  proposed  reaction  scheme  for  the 
design  of  zeolite  layers  and  films  on  organophosphate  films:  (a) 
aluminophosphate  nuclei  attach  on  organophosphonate  film,  (b)  growth  of 
hexagonal  crystals,  the  SEM  pictures  have  shown  that  the  AlP04-5  crys- 
tals grow  with  their  c-axes  oriented  similar  to  the  gold  surface,  Fig.  6.37. 
It  was  also  found  that  changing  the  water  concentrations  in  the  hydrother- 
mal synthesis  and  temperature  of  synthesis  has  a profound  effect  on  the 
orientation  morphology  and  aspect  ratios  of  the  surface-attached  crystals. 
Table  6.18  gives  the  effect  of  water  concentration  on  the  morphology  of 
surface  attached  AlP04-5  crystals. 

Thus,  the  molecular  selectivity  of  zeolite  thin  films  can  be  precisely 
tuned  by  gating  the  entry  of  molecules  into  the  zeolite  pores. 

Bein  (1996)  has  reviewed  the  zeolite  molecular  sieve  films  and 
membranes. 1124]  These  zeolite-based,  nano-structured  materials  offer  the 
potential  to  organize  matter  and  to  manipulate  molecules  with  high  spatial 
precision  at  the  nanometer  level.  Pure  zeolite  membranes  (20-250  pm  thick) 
consisting  of  ZSM-5  crystals  have  been  prepared  between  180°C  (for  0.3- 
9 days)  on  substrates  including  teflon,  silver,  stainless  steel  and  Vycor 
glass. [125]  Sano,  et  al.  (1992)  have  proposed  a new  preparation  method  for 
highly  siliceous  zeolite  films.  Similarly,  these  authors  have  obtained  a pure 
ZSM-5  zeolite  film  ca.  30-100  pm  in  thickness;  it  is  made  up  of  zeolite 
crystals,  which  can  be  obtained  on  a teflon  slabd126!  At  first,  silicalite  was 
hydro  thermally  synthesized  in  the  presence  of  cellulose  moldings,  such  as  a 
filter  paper.  Figure  6.38  shows  the  SEM  photograph  of  a silicalite-cellulose 
composite  prepared  in  48  hours.  Carbon  membranes  (in  the  form  of  hollow 
fibers)  constitute  a novel  type  of  support  for  zeolite  layers.  Figure  6.39  shows 
such  hollow-fiber  carbon  zeolite  membranes. [127]  Layers  with  molecular 
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A.  Assembly  of  Zeolite  CaA  crystals  cm  sdloxane  layer  on  gold  surface 

B.  Stabilization  with  20  nm  silica  layer 


The  slow  sorption  of  EtOH  into  the  partially  blocked  eight-ring 
r windows  is  depicted.  Sodium  ions  appear  in  gray,  framework  Al,  Si  in 
black,  and  oxygen  in  light  gray. 


Figure  6.33.  Assembly  of  zeolite  CaA  crystals  on  silozane  layer  on  gold 
surface,  and  stabilization  with  20  nm  silica  layer. [121] 
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Exchanged  with  different  cations 


Figure  6.34.  Mass  changes  of  zeolite  silica  composite  films  exchanged  with 
different  cations  on  a piezoelectric  substrate.  t124l 


molecular  sieve  layer 


Figure  6.35.  Schematic  diagram  of  SAW  device  covered  with  molecular  sieve 
layer.  i124l 
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Method  I 


Figure  6.36.  Method  I,  Proposed  reaction  scheme  for  design  of  zeolite  layers 
and  films  on  organophosphate  films.  Method  II,  Aluminophosphate  nuclei  at- 
tach on  organophospnonate  film  and  Method  III,  growth  of  hexagonal  crys- 
tals. [124] 
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Figure  6.37.  SEM  pictures  show  that  the  AlP04-5  crystals  grow  with  their 
axes  oriented  similar  to  the  gold  surfaced124! 
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Table  6.18.  Effect  of  Water  Concentration  On  the  Morphology  of  Surface 
Attached  AlP04-5  Crystals1 1241 


Water 

content 

(d) 

Crystal 

Length 

(pm) 

Width 

(pm) 

Orientation 

300 

30-50 

40-50 

Vertical 

400 

20-30 

3-6 

Tilted 

600 

30-50 

2-10 

Tilted 

Figure  6.38.  Shows  SEM  photograph  of  silicalite-cellulose  composite  pre- 
pared in  48  hours. [126] 
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Figure  6.39.  Hollow-fiber  carbon  zeolite  membranes. P27] 

sieving  properties  were  formed  by  embedding  microcrystals  of  Z,  Y,  and 
Chabazite,  in  a glassy  silica  matrix. [128] 

Molecular  sieve  films  are  the  promising  candidates  for  applica- 
tions in  chemical  sensors,  especially  in  industrial  process  control,  envi- 
ronmental and  indoor  air-quality  monitoring,  effluent  and  auto-exhaust 
control,  and  medical  monitoring.  Noack,  et  al.  (1994)  have  obtained 
columnar  AlP04-5  crystals  aligned  and  embedded  in  nickel  (by  galvanic 
deposition)  and  studied  in  the  permeation  of  heptane  and  different  aro- 
matic hydrocarbons  (Figures  6.40  a-b)f2^  There  have  been  a few  works 
that  mimic  some  features  of  biomineralization  to  grow  oriented  zeolite 
molecular  sieve  films.  Such  self-assembled  layers  include  self-assembled 


(a) 

Figure  6.40.  (a  and  b)  Columnar  AlP04-5  crystals  aligned  and  embedded  in 

nickel. [129] 
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(b) 

Figure  6.40.  (Cont’d.) 


functional  layers  and  they  have  potential  applications  in  microelectronics 
and  nonlinear  optical  devices.1 1301 

Thus,  there  is  a great  variety  of  synthesis  approaches  regarding 
the  design  of  molecular  sieve  layers  and  membranes.  These  aspects  will 
play  a major  role  in  the  future  zeolite  research. 


6.9  APPLICATIONS  OF  ZEOLITES 

The  conventional  applications  of  zeolites  are  adsorptive,  gas  separa- 
tion, shape-selective  catalysis,  and  ion  exchange. |25||37l  in  recent  years,  there 
is  an  increased  research  activity  in  molecular  sieve  science  and  technology 
towards  the  development  of  advanced  materials.  There  are  several  reports 
available  in  the  literature  dealing  with  the  controlled  incorporation  of  guest 
compounds  into  a zeolitic  framework  to  get  new  optical,  electronic,  and 
magnetic  materials,  such  as  intrazeolite  sulfides,  selenides,  silver  com- 
pounds, carbonyls,  the  intra-crystallization  polymerization  of  acetylene,  and 
pyrrole,  the  formation  of  metal  clusters,  and  trapped  supramolecular  com- 
pounds (ship-in-one-bottle)  J 1 3 1 1 1 1 341 
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The  application  of  zeolites  as  catalysts  is  basically  dependent 
upon  the  accessibility  to  reactants  of  intra-crystallization,  catalytically 
active  centers,  and  upon  the  shape  and  size  of  the  penetrant  molecules. 
Specific  catalytic  actions  can  depend  upon  zeolite  basicity,  the  generation 
of  acid  sites  within  the  crystals,  or  upon  the  introduction  of  particular' 
cations  (by  ion-exchange),  or  of  elements  such  as  S,  Te,  and  Se,  or  metals 
like  Pt,  into  the  crystals. 

The  catalytic  oxidation  of  H0S  by  O,  exemplifies  a process  in 
which  the  best  catalysts  are  the  basic  Na  and  K-forms  of  zeolites  X and 
Y.[!35]  The  catalytic  activity  is  directly  proportional  to  the  number  of  A104 
tetrahedra  and  inversely  related  to  the  electrostatic  potential  of  the  ex- 
change ions  introduced  (K+,  Na+,  Li+,  and  Ca2+).  However,  it  is  the 
hydrocarbon  chemistry  which  has  placed  zeolites  in  a unique  place  in 
science  and  technology,  especially  with  H-zeolites  providing  Bronsted 
acid  sites  and  reactions  proceeding  via  carbonium  ions.  The  acid  centers 
form  the  reversible  reaction. 
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Various  shape-selective  catalyses  have  been  described  in  several 
zeolites.  In  Ca-A  zeolite,  chemical  dehydration  of  n-butanol  (which  pen- 
etrates the  crystals),  but  not  of  isobutanol  (which  does  not  penetrate),  was 
observed.  Whereas,  Ca-X  zeolite  doesn’t  show  this  kind  of  selectivity,  but  it 
sorbs  both  alcohols  readily.  Similarly,  n-paraffins  and  n-olefines  (which 
entered  the  Ca-A)  were  readily  combusted  with  O0  while  iso-paraffins  and 
iso-olefines,  which  didn’t  enter  Ca-A,  did  not  react  appreciably.!136]  Shape- 
selective  catalysis  has  also  been  observed  in  several  other  zeolites  and 
prominent  among  them  is  ZSM-5,  MFI.  This  sorbs  and  cracks  mono-methyl 
in  addition  to  n-paraffins  and  is  used  to  dewax  heavy  oils. 

Mirajkar,  et  al.  (1993)  have  studied  the  soiption  properties  of  Al- 
omega  and  Ga-omega  zeolites. 11371  Figure  6.41  shows  the  soiption  uptakes 
(. P/Po  = 0.8,  298  K)  of  samples  of  different  crystallinity  for  Al-omega  and 
Ga-omega  zeolites  synthesized  at  398  K.  These  curves  typically  show  that 
soiption  uptake  increases  as  the  degree  of  crystallinity  increases,  water  being 
a polar  molecule  and  comparatively  small  in  size,  is  able  to  become  occluded 
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(a) 


(b) 


Figure  6.41.  (a,  b)  Sorption  uptakes  (P/Po  = 0.8,  298K)  of  samples  of  different 
crystallinity  for  Al-omega  and  Ga-Omega  zeolites  synthesized  at  398  K.U37J 
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Table.  6.19.  Adsoiption  (wt%)  on  Al-  and  Ga-omega  Zeolites,  P/Po  = 0.8 
and  T=  298  K037] 


Synthesis 
Temp.  (K) 

Al-omega 
383  398 

413 

Ga-omega 
383  398  413 

Adsorbate 

water 

20.45 

18.10 

17.30 

17.50 

14.89 

15.3 

n-butylamine 

17.19 

13.22 

10.10 

15.50 

11.69 

9.6 

n-hexane 

6.70 

3.51 

2.09 

4.70 

3.57 

1.8 

cyclohexane 

6.50 

3.33 

2.25 

4.61 

2.27 

1.8 

in  cavities  of  samples  of  low  crystallinity.  Table  6.19  gives  the  adsoiption 
(wt%)  on  Al-  and  Ga-omega  zeolites  P/Po  = 0.8  and  T = 298  K. 

The  sorption  uptakes  are  found  to  decrease  with  the  increase  in 
experimental  temperature  and  this  decrease  is  consistent  with  the  observed 
increase  in  the  crystallite  size. 

As  the  molecular  size  of  the  probe  molecules  increases,  a decrease 
in  soiption  uptake  with  an  increase  in  crystallite  size  becomes  appreciable  on 
account  of  their  different  packing  in  the  zeolite  voids;  Al-omega  shows  higher 
sorption  uptake  than  for  Ga-omega  zeolite.  These  omega  zeolites  are  stable 
up  to  a temperature  of  1000°C. 

The  A1P04  molecular  sieves  show  excellent  physical  properties. 
Many  are  thermally  stable  and  resist  loss  of  structure  at  1000°C.  Those 
studied  for  hydrothermal  stability,  including  AlP04-5,  1 1 , and  17,  show  no 
structure  loss  when  treated  with  16%  steam  at  600°C.  The  adsorption 
properties  of  selected  A1P04  molecular  sieves  are  listed  in  Table  6.20.  The 
different  structure  types  are  arranged  in  order  of  decreasing  pore  size,  which 
is  controlled  by  the  ring  size.  The  ring  size  refers  to  the  number  of 
tetrahedral  atoms  (Al  or  P).  For  the  12-T  ring  structures,  AlP04-5  and 
A1P04-31,  adsoiption  of  neopentane  has  been  observed.  The  10,  or  puck- 
ered 12-ring  of  A1P04-11  adsorbs  cyclohexane,  but  not  neopentane.  The 
pore  size  is  similar  to  that  of  ZSM-5.  Two  of  the  8-ring  structures,  A1P04- 
17  and  A1P04-18,  sorb  butane,  but  not  isobutane.  A1P04-14  and  AlP04-33 
sorb  xenon,  but  not  butane,  indicating  somewhat  puckered  8-ring  struc- 
tures. Similarly,  16-ring  structures  of  A1P04-16  and  AlPO4-20  absorb 
only  water.  The  pore  volumes  are  near  saturation  values,  02  at  183°C  and 
FFO  at  ambient  temperature. 
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In  general,  the  H20  pore  volumes  are  usually  greater  than  the  02 
pore  volumes,  reflecting  the  presence  of  additional  pore  volume  accessible  to 
H-,0,  but  not  to  02.  The  model  of  AlP04-5  structure  shown  in  Fig.  6.42 
indicates  large  pore  voids  capable  of  absorbing  09  or  H20,  the  small 
voids,  shown  in  Fig.  6.43 (a)-(b)  are  outlined  by  columns  of  twisted  chains 
of  4 and  6-rings  parallel  to  the  c-axis,  adsorb  H90  only.  In  AlP04-5  these 
small  voids  apparently  sorb  about  0.12  cm3/g.  Figure  6.44  shows  the  09 


Table  6.20.  Typical  Adsoiption  Pore  Volumes  for  Selected  AlP04-based 
Structure  Types 

Adsorption  Capacity  (cc/100g)a 


Adsorbate  = 

H,0 

02  n- 

-butane 

n-hexane 

isobutane 

cyclohexane  neopentane 

Kinetic  Dia.(nm)  = 

0.265 

0.346 

0.43 

0.43 

0.50 

0.60 

0.62 

P/Po  = 

0.9 

0.9 

0.4 

0.3 

0.3 

0.5 

0.6 

Temp.  (C)  = 

22 

-183 

22 

22 

22 

22 

22 

Structure 

Ring  Sizeb 

5 

12 

26 

16 

13 

12 

36 

12 

31 

21 

14 

13 

46 

12 

35 

30 

28 

26 

11 

10 

18 

13 

11 

11 

2 

31 

lOor  12 

21 

13 

11 

9 

11 

41 

lOor  12 

21 

12 

10 

8 

11 

34 

8 

33 

27 

23 

2 

35 

8 

31 

17 

1 

39 

8 

23 

9 

1 

44 

8 

35 

25 

10 

47 

8 

35 

27 

25 

16 

6 

28 

4 

1 

2) 

6 

32 

2 

1 

a Determined  by  standard  McBain-Baker  gravimetric  techniques  after  calci- 
nation at  500-600°C  in  air.  Samples  activated  at  350°C,  O.Oltorr,  prior  to 
measurement. 

b Number  of  tetrahedral  atoms  (Al,  P,  Me)  in  ring  controlling  pore  size. 
When  structure  is  not  known,  it  is  estimated  from  adsorption  measure- 
ments. 


396  Handbook  of  Hydrothermal  Technology 


Figure  6.42.  The  model  of  AlP04-5  structure.! m] 


(a) 


(b) 


Figure  6.43.  (a,  b)  Columns  of  twisted  chains  of  4 and  6-rings  parallel  to  the 
axis,  adsorb  H20.lni] 
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Figure  6.44.  Graph  of  02  isotherms  of  AlP04-5,  11,  and  17.1 1 1 1 1 

isotherms  of  AlP04-5,  11.  and  17,  compared  with  those  of  a typical  zeolite, 
NaX,  and  a silica  molecular  sieve,  silicalite.  The  AlP04-5  and  17  have 
saturation  pore  volumes  of  approximately  0.2  cm3/g,  similar  to  that  of 
silicalite,  while  A1P04- 1 1 has  a relatively  small  02  pore  volume  (~  0. 1 cm3/g). 


Figure  6.45.  The  H20  adsorption  isotherms  for  AlP04-5,  11,  17  and  20. M ' 0 
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Figure  6.45  shows  the  FF,0  adsorption  isotherms  for  AlP04-5,  1 1, 
17,  and  20.  For  comparison,  the  hydrophilic  NaX  and  the  hydrophobic 
silicate  are  considered.  A very  unusual  shape  has  been  obtained  for  the 
A1P04  adsoiption  curve  for  09  and  paraffins. 

In  recent  years,  with  the  discovery  of  VPI-5  and  other  large  pore 
zeolites,  several  advantages  have  been  found.  AlP04-5  adsorbs  09  and  some 
hydrocarbons  except  for  triisopropylbenzene.  The  triisopropylbenzene  is  too 
large  to  penetrate  the  12  T-atorn  ring  of  AlP04-5.  VPI-5  reveals  two 
phenomena  not  observed  for  AlP04-5;  firstly,  triisopropylbenzene  is  ad- 
sorbed; secondly,  the  adsoiption  capacity  monotonically  decreases  with 
increasing  adsorbate  size.  Since  VPI-5  contains  larger  pores  of  12-13  A,  all 
adsorbates  other  than  triisopropylbenzene  have  the  possibility  of  fitting  more 
than  one  molecule  across  the  diameter.  In  other  words,  packing  of  adsorbate 
molecules  may  be  important  in  these  extra-large  pores.  Table  6.2 1 gives  the 
adsoiption  capacity  of  AlP04-5  and  VPI-5  for  various  adsorbates. 1 1 141  Davis, 
et  al.  (1989)  have  measured  the  complete  argon  adsoiption  isotherms  at 
liquid  argon  temperatures.!1 14i  The  data  obtained  from  NaX  and  VPI-5  are 
shown  in  Fig.  6.46.  Thus,  the  zeolites  with  large  pore  diameters  are  becoming 
Table  6.21.  Adsoiption  Capacity  of  Molecular  Sieves  at  P/Po  = 0.40 141 


Kinetic  Diameter,  A Adsorbate3 

Capacity, 

AlP04-5 

cm3/g 

VPI-5 

3.46 

o2 

0.146 

0.228 

4.30 

n-Flexane 

0.139 

0.198 

6.00 

Cyclohexane 

0.145 

0.156 

6.20 

Neopentane 

0.137 

0.148 

8.50 

Triisopropylbenzene 

a Adsorption  at  room  temperature  except  for  02  which  was  performed 
at  either  liquid  N2  or  02  temperatures. 


essential  materials  for  the  adsoiption  of  large  molecules,  which  either 
absorb  or  adsorb  very  slowly  into  known  molecular  sieves. 
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Figure  6.46.  Effective  pore  size  distribution.  I1 14J 

6.10  OXIDATIVE  CATALYSIS  ON  ZEOLITES 

Oxidation  processes  constitute  one  of  the  most  common  classes  of 
chemical  reactions.  The  endeavor  by  investigators  to  create  economically 
more  effective  and  ecologically  clean  technologies  has  stimulated  the 
search  for  new  catalysts  exhibiting  a high  selectivity. 

Though  zeolites  were  not  regarded  as  promising  catalysts  for 
oxidation  reactions,  considerable  changes  have  taken  place  in  the  last 
decade.  It  was  during  the  early  1980s,  that  titanosilicate  zeolites,  having  a 
structure  of  the  ZSM-type,  and  the  discovery  of  their  unique  properties  in 
oxidation  reactions  involving  H000  took  place.  Thus,  titanosilicates  be- 
come the  effective  catalysts  of  a wide  range  of  reactions  occurring  in  the 
liquid  phase,  such  as  the  oxidation  of  alcohols,  epoxidation  of  alkenes, 
hydroxylation  of  aromatic  compounds,  and  the  conversion  of  cyclohex- 
anone into  an  oxime. [136]  [142]  These  advances  in  liquid  phase  oxidation  of 
primary  and  secondary  alcohols  to  the  corresponding  carbonyl  com- 
pounds have  been  assessed  as  one  of  the  most  important  achievements  in 
the  field  of  organic  synthesis.  The  partial  oxidation  of  hydrocarbons  is 
achieved,  as  a rule,  in  the  presence  of  transitional  metal  oxides.  Their 
activity  is  due  to  more  or  less  facile  electron  transfer  and  their  capacity  for 
the  reversibility  of  their  oxidation  state  in  interaction  with  oxygen  in  the 
substance.  Oxidized  zeolites  themselves  cannot  serve  as  oxidation  cata- 
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lysts,  but  the  possibility  of  their  use  as  carriers,  nevertheless,  is  of  great 
interest.  However,  because  of  the  serious  environment  problems  associ- 
ated with  Cr-containing  effluent,  attention  has  been  focused  on  the  use  of 
catalytic  amounts  of  soluble  chromium  compounds  in  conjunction  with, 
e.g.,  tetra-butyl  hydroperoxide  (TBHP)  as  the  stoichiometric  oxidant.  The 
use  of  heterogeneous  catalysts  in  the  liquid  phase,  on  the  other  hand,  offers 
several  advantages  compared  with  their  homogenous  counterparts,  e.g., 
ease  of  recovery  and  recycling  and  enhanced  stability.  Kharitonov,  et  al. 
(1992)  have  studied  the  reactions  involving  gasoline  oxidation  with  ni- 
trous oxide,  and  the  best  results  were  obtained  in  the  oxidation  of  benzene 
to  phenol  in  the  presence  of  iron-containing  ZSM-5  zeolites.1 1421 

An  approach  to  create  solid  catalysts  with  novel  activities  is  to 
incorporate  redox  metals  by  isomoiphous  substitution  into  the  lattice  frame- 
work of  zeolites  and  related  molecular  sieves.  Since  the  discovery  of 
aluminophosphate  molecular  sieves  in  1982,  much  attention  has  been 
focused  on  the  incorporation  of  various  elements  into  the  framework  of  these 
molecular  sieves. [1431  Modified  compositions  of  these  silica  or 
aluminophosphate-based  materials  are  expected  to  expand  the  scope  of  their 
catalytic  applications  as  mesoporous  materials  and  optimized  advanced 
catalysts.  These  materials  have  been  the  most  promising  class  of  three- 
dimensional  host  frameworks  with  controlled  microporosity.  Atomic-scale 
engineering  of  catalytic  functions  of  isolated  redox  sites  in  the  confined 
environments  of  zeolitic  channels  is  also  of  great  interest. 

Rabo,  et  al.  (1973)  showed  that  Na,  Ca,  Be,  and  La,  forms  of  Z,Y 
containing  residual  protons  reacted  with  NaCl,  at  575-675  K,  with  the 
evolution  of  HC1J1441[1451  Clearfield,  et  al.,  (1973)  and  Clearfield  (1990) 
demonstrated  the  introduction  of  cations,  such  as  Zn2+,  Cu2+,  Co2+,  Ni2+, 
Mn2+,  and  Cr3+,  Cr5+,  Mo5+,  Ga3+,  V4+,  into  zeolites  A,  X,  and  Y,  by  the 
reaction  of  their  chlorides  with  the  H forms  of  the  zeolites  phosphates  and 
molybdates. [1461[14T|  Figure  6.47  shows  the  activity  of  Cr/H-ZSM-5  in  CH4 
burnt  at  500°C/1481[149!  The  catalytic  activity  of  the  Cr/H-ZSM-5  system 
increased  linearly  with  the  rise  of  chromium  content  up  to  1 .5  wt%,  showing 
considerable  site  homogeneity.  The  activity  of  the  catalyst  reached  a 
maximum  point  when  the  number  of  isolated  Cr5+  cations  capable  of 
changing  valence  state  upon  redox  treatment,  reached  maximum.  Stabiliza- 
tion of  isolated  Cr5+  ions  in  a coordinatively  unsaturated  environment  inside 
H-ZSM-5  may  be  a reason  for  such  unusually  high  intrinsic  catalytic 
activity/150!  Similarly,  a complete  oxidation  of  CH4  over  Mn/H-ZSM-5,  Cu/ 
H-ZSM-5,  and  V/H-ZSM-5,  has  also  been  studied  in  detail  by  Kucherov,  et 
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alJ 148  Ethane  oxidation  with  N,0  over  H-ZSM-5  and  Cu/H-  ZSM-5  has 
been  studied  by  Kucherov,  et  al.  (1991,  1992).1150][1511  The  C4H6  oxidation 
by  N20,  as  distinct  from  02,  proceeds  on  both  H-ZSM-5  and  Cu/H-ZSM- 
5.  At  T > 430°C,  a stable  100%  conversion  took  place  on  H-ZSM-5,  but 
the  decrease  in  temperature  to  410-400°C  led  to  a drastic  drop  in  C,H6  and 
N00  conversion  with  fast  cooking  of  zeolite.  The  oxidation  of  ethane  with 
N00  was  treated  as  a complex  heterogeneous-homogeneous  process  (cata- 
lytic decomposition  of  N^O  and  subsequent  gas-phase  C2H6  oxidation 


ST  per  1 Cr  SV  per  1 Cr^+ 


Figure  6.47.  Activity  of  Cr/H-ZSM-5  in  CH4  burnt  at  500°C.[i48] 

with  the  participation  of  excited  molecules  and  coupling  products).  t15t][i52] 
Thus,  the  modification  of  pentasils  by  transition  metal  cations  permits  the 
preparation  of  promising  catalysts  for  both  complete  oxidation  of  alkanes 
and  NOx  decomposition. 

Guth,  et  al.  (1986,  1989)  have  developed  a new  route  of  the 
synthesis  of  microporous  compounds  in  the  presence  of  fluorine)741  The 
addition  of  fluoride  ions  in  the  reaction  medium  seems  to  induce  mineraliza- 
tion and  allows  the  crystallization  of  zeolites  at  neutral  or  acidic  pH  and  the 
partial  substitution  of  silicon  by  other  hi  or  tetravalent  metals,  like  B3+,  Al3+, 
Ga3+,  Fe3+,  Ge4+,  and  Ti4+.  Just  like  in  other  phases,  fluorine  is  also 
incorporated  in  the  open  frameworks,  and  the  best  example  is  cloverite,  with 
three-dimensional  20-membered  ring  channels,  in  which  fluorine  is  located  at 
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the  center  of  a double  4-ring  (D4R)  cage.1 15311 155  A similar  structural 
diversity  is  associated,  in  part,  with  the  ability  of  vanadium-oxygen 
compounds  to  form  tetrahedral,  square-pyramidal,  and  octahedral  coordi- 
nation polyhedra,  and  to  build  larger  aggregates  by  condensation  of 
polyhedra  through  shared  oxygen  atoms.1 156i|  l57l  Such  works  produce 
novel  structures/frameworks  that  encapsulate  organic  guests  to  produce 
large  cavities  or  tunnels.  After  the  organic  template  is  removed  by  ion 
exchange  or  thermal  methods,  the  solid  may  sorb  substrate  molecules  in  a 
size  and  shape-selective  fashion.!158!  Similarly,  there  are  several  mixed 
tetrahedral-octahedral  framework  structures  which  are  both  novel  and 
different  from  the  traditional  aluminosilicate  zeolites,  where  only  T04 
tetrahedra  (T  = Si,  Al,  or  Ge)  are  the  basic  building  units.  Mixed  T06  and  T04 
units  are  also  found  in  the  structures  of  recently  synthesized  microporous 
stannosilicates,  germanates  and  gallophosphatcs.1 15911  lfi(,|_|  1621  These  com- 
pounds show  good  ionic  conductivity  and  humidity  sensing  property  as 
seen  in  microporous  Na-germanates.  Leonowicz,  et  al.  (1994)  have  ob- 
tained a new  boron,  MCM-22,  zeolite  that  contains  structural  features 
previously  unknown  among  zeolites.  The  high-resolution  electron  micro- 
graphs and  synchrotron  x-ray  diffraction  powder  data  reveal  two  indepen- 
dent pore  systems,  both  of  which  are  accessed  through  rings  composed  of 
10  tetrahedral  (T)  atoms  (such  as  Si,  Al,  and  B).  One  of  these  pore  systems 
is  defined  by  2-d,  sinusoidal  channels.  The  other  consists  of  large  supercages 
whose  inner  free  diameter,  7.1  A,  is  defined  by  12  T-0  species  (12-rings) 
and  whose  inner  height  is  18.2  A.  These  coexisting  pore  systems  may 
provide  opportunities  for  a wide  variety  of  catalytic  applications  in  the 
petrochemical  and  refining  industries. I163l 

Caro,  et  al.  (1992)  have  obtained  aligned  molecular  sieve  crystals  as 
nonlinear  optical  materials.1 1341  As  is  well-known,  the  formation  of  Langmuir- 
Blodgett  films  and  the  crystallization  of  non-centrosymmetric  organic  crys- 
tals are  widely  studied  as  promising  techniques  to  get  ordered  molecular 
arrangements  for  nonlinear  optics  and  optoelectronics.!164!  The  required  bulk 
alignment  of  molecular  dipoles  can  also  be  achieved  by  their  adsorption  in  the 
pores  of  appropriate  molecular  sieve  matrices.  Caro,  et  al.  (1992)  have 
studied  the  optical  second  harmonic  generation  (SHG)  by  para-nitro-aniline 
(PNA)  adsorbed  in  AlP04-5  crystals.  No  SHG  effects  could  be  observed  for 
the  unloaded  AlP04-5  matrix.  Figure  6.48  shows  the  experimental  arrange- 
ment of  the  ps-Nd:YAG  laser  device  and  the  position  of  the  AlP04-5  crystal 
in  the  laser  light  beam.!134!  The  relative  intensity  of  the  SHG  signal  as  a 
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function  of  the  angle  between  the  polarization  plane  of  the  incident  laser 
light  and  thec-axis  (length  direction  [001])  of  AlP04-5  crystal  is  plotted  in 
Fig.  6.49.  The  vanishing  of  the  SFIG  intensity  for  (f>  = 90°  indicates  that  the 
molecules  are  well  aligned  by  the  molecular  sieve  channels,  i.e.,  their 


Figure  6.48.  Experimental  arrangement  of  the  ps-ND:YAG  laser  device  and  the 
position  of  the  AlP04-5  crystal  in  the  laser  light  beam.U34] 


(f)  [degrees] 


Figure  6.49.  Relative  intensity  of  the  SHG  signal  as  a function  of  the  angle 
between  the  polarization  plane  of  the  incident  laser  light  and  the  c-axis  (length 
direction  [001])  of  AlP04-5  crystal  is  plotted. P34] 
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orientational  distribution  is  sharp.!164!  Alvaro,  et  al.  (1998)  have  prepared 
a series  of  four  europium  complexes  incorporated  into  three  different 
zeolites.  Also,  the  chemiluminescence  of  Eu+3  exchange  Y-zeolite  upon 
thermal  decomposition  of  tetramethyl  1 , 2-dioxetane  has  been  reported.!165! 

Smolin,  et  al.  (1998)  have  introduced  CdS  clusters  in  pores  of 
zeolite-Z.  It  is  shown  that  these  clusters  are  built  up  around  the  S atoms 
that  are  situated  at  the  centers  of  the  large  cavities  of  zeolites  and  coordi- 
nated tetrahedrally  by  Cd  atoms.  These  atoms  are  bound  through  sulfur 
atoms  with  Cd  cations  situated  near  the  walls  of  the  cavity  in  the  environ- 
ment of  the  aluminosilicate  framework  oxygens.!166! 

Thus,  the  study  of  zeolites  is  a very  popular  field.  A great  diversity, 
both  in  terms  of  compositions  and  applications,  is  being  reported  for  zeolites. 
New  structures  have  been  discovered.  All  these  suggest  a great  future  for  the 
zeolites,  covering  fields  of  selective  and  shape  catalysis,  oxidative  catalysis, 
micro-electronics,  optoelectronics,  environmental  issues,  and  so  on. 
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Hydrothermal  Synthesis 
and  Growth  of 
Coordinated  Complex 
Crystals  (Part  I) 


7.1  INTRODUCTION 

Hydrothermal  synthesis  and  growth  of  complex  coordinated  crys- 
tals are  not  new  especially  for  silicates.  In  fact,  the  hydrothermal  technol- 
ogy was  clubbed  under  silicate  technology  in  the  earlier  days.  Silicates 
have  drawn  the  attention  of  crystal  chemists  right  from  the  earliest  days 
owing  to  their  abundance,  structural  diversity,  and  wide  spread  applica- 
tions in  various  technologies.  Thus,  the  synthesis  of  complex  coordinated 
complexes  began  in  the  19th  century.  However,  during  thel960s  and  1970s 
the  importance  of  the  hydrothermal  technique  for  the  synthesis  of  inor- 
ganic materials  without  natural  analogs  was  realized.  Since  then  a large 
variety  of  complex  coordinated  complexes  are  being  obtained  with  very 
complex  crystal  structures.  This  group  covers  silicates,  phosphates,  vana- 
dates, arsenates,  molybdates,  tungstates,  fluorides,  sulphates,  selernides, 
borates,  and  so  on,  with  a great  variety  of  cations  starting  from  alkali, 
alkaline-earth,  transitional  to  rare  earth  metals.  The  number  of  all  such 
compounds  exceeds  several  hundreds  owing  to  their  academic  and  techno- 
logical interest  and  here  it  is  impossible  to  discuss  each  and  every  com- 
pound. Therefore,  we  have  discussed  these  compounds  in  two  parts  for  the 
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sake  of  the  reader’s  convenience.  Part  I covers  silicates,  germanates, 
phosphates,  vanadates,  and  borates  (Ch.  7).  The  remaining  group  of 
complex  coordinated  compounds  are  discussed  in  Part  II  (Ch.  8).  The 
literature  survey  shows  that  among  all  these  compounds,  the  silicates  and 
germanates  have  taken  a unique  place  in  the  hydrothermal  research  be- 
cause of  their  diversified  compositions  and  structures.  Here,  these  com- 
pounds will  be  discussed  in  two  categories:  i)  rare  earth  silicates  and 
phosphates;  and  ii)  transitional  metal  silicates  and  phosphates. 


7.2  CRYSTAL  CHEMICAL  BACKGROUND 

It  is  interesting  to  note  that  there  is  a close  relationship  between 
crystal  chemistry  and  crystal  growth  of  these  compounds.  The  primary 
requirement  for  any  material/crystal/mineral  with  a device  potential  is  the 
understanding  of  its  scientific  foundation,  particularly  the  consequences 
of  the  sub-microscopic  crystal  structure,  i.e.,  the  spatial  arrangement  of 
atoms,  ions,  molecules,  and  the  types  of  chemical  bonds  between  them.  It 
is  the  chemical  bond  more  than  anything  else  that  determines  the  structure 
and  the  properties  of  a crystal.  A crystal  chemical  knowledge  helps  in 
tailoring  a given  phase  or  a given  structure  that  is  to  optimize  chemical 
classification,  crystal  structure,  and  defect  structure  with  respect  to  the 
desired  properties.  Therefore,  the  present  authors  briefly  discuss  the 
structural  diversity  of  silicates  and  the  Si-0  chemical  bond. 

Silicates  are  the  compounds  containing  Si  and  O.  Their  main 
specific  structural  feature  is  the  presence  of  Si-atoms  in  a 4-fold  coordina- 
tion with  oxygen,  which  is  favored  by  the  ratio  rSi:rO  = 0.28.  Table  7.1 
gives  the  different  types  of  coordinations  of  cations  as  a function  of 
ionic  radii  ratio.  Bond  lengths  and  bond  angles  in  Si-tetrahedra  tend  to  be 
close  to  their  mean  values:  d(Si-O)  = 1.62  A;  angle  O-Si-O  = 109°. 47’; 
Si-O-Si  = 140°.  Si  atoms  are  found  in  6-fold  coordination  in  relatively 
small  groups,  basically  in  high-pressure  silicates,  and  in  5-fold  coordina- 
tion in  some  of  the  organosilicate  compounds.!1] 

The  structures  of  silicates  and  related  compounds  contain  tetrahe- 
dral anions  of  different  configuration  (single  tetrahedron,  pyrogroups, 
rings,  chains,  layers,  frameworks,  etc.).  Their  comparative  analysis  con- 
siderably extends  scientific  ideas  on  structures  of  crystalline  materials. 
The  attention  to  silicates  is  connected  to  their  wide-spread  abundance  in 
the  continental  crust  (Table  7.2),  the  exceptional  variability  of  tetrahedral 
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anions  in  their  structures,  and  a wide-spread  application  of  silicates  in 
modern  technology.  Silicates  are  widely  being  used  in  ceramic,  optical, 
electronic,  piezoelectric,  optoelectronic,  etc.,  industries. 


Table  7.1  The  Different  Types  of  Coordinations  of  Cations  As  a Function 
of  Ionic  Radii  Ratio[l] 


CN 

Coordination 

Ionic  Radii  Ratio 

2 

Dumb-bells 

<0.15 

3 

Triangle 

0.15-0.22 

4 

Tetrahedron 

0.22-0.41 

6 

Octahedron 

0.41-0.73 

8 

Cube 

0.73-1.37 

Table  7.2.  Bulk  Content  of  Silicates  In  Continental  Crust121 


Mineral 

Percentage 

Total 

Feldspars 

64.0  % 

Pyroxenes  + Amphiboles 

9.0% 

Quartz 

18.0  % 

96.5  % 

Biotite 

4.0  % 

Olivine 

1.5  % 

The  compounds  that  are  nearer  to  silicates  in  the  crystal  chemical 
sense  are  phosphates  with  over  350  minerals.  According  to  Corbridge,  the 
term  phosphate  may  be  used  to  include  all  phosphorus  compounds  which 
contain  P-0  linkages. Similarly,  the  author141  calls  all  the  simple  and 
complex  oxides  obtained  from  phosphoric  acid  solutions  phosphates.  For 
a free  atom  of  phosphorus,  the  distribution  of  electrons  in  the  valence  cell 
is  written  as  follows: 
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Eq.  (1) 


35 

3 p 

4T 

m 

It  means  that  the  phosphorus  atom  can  form  the  bonds  due  to  3 p electrons 
and  another  two  owing  to  3.v  electrons.  Hence,  the  phosphorus  atom 
participates  in  the  reaction  with  oxygen  to  exist  in  a trivalent  state, 
forming  phosphides  and  in  a pentavalent  state  forming  phosphates.  As  a 
result  of  sp 3 hybridization  (Is  and  3 p orbitals  of  P),  four  similar  energy 
orbits  develop  and  during  the  interaction  of  phosphorus  with  oxygen,  it 
leads  to  the  formation  of  a stable  tetrahedral  group  [P04] . However,  the  P- 
O bonds  in  such  a tetrahedron  will  not  be  purely  ordinary  (cr bonds),  but  it 
includes  a distinct  fraction  of  short  bonds  (n  bonds)  as  well.  It  is  well 
known  that  the  P-0  tetrahedra  are  susceptible  to  the  condensation  reac- 
tions due  to  the  formation  of  bridging  bonds  -P-  O-P-  or  P-0  (M).  The 
possibility  of  the  development  of  such  bonds  make  the  p orbit  of  the 
bridging  oxygen  (which  is  arranged  perpendicular  to  the  plane  POP)  to 
interact  withe/  orbits  of  the  P atoms  to  form  tt  bonds.  The  bond  lengths  and 
bond  angles  in  P tetrahedra  are  given  as  follows:  d(P-O)  = 1.54  + 0.02  A,  P- 
O (terminal)  = 1.51  A,  angle  O-P-O  = 109.4  ± 5°  and  angle  P-O-P  = 156  to 
167°.  P-0  (bridging)  = 1.64  A.  Although  the  bond  length  tends  to  be  close 
to  its  mean  value,  the  bond  angle,  especially  angle  P-O-P,  is  obtuse  and  the 
rotation  flexibility  along  the  P-O-P  linkage  allows  a variety  of  related 
orientation  of  adjacent  tetrahedra.®  From  the  crystal  chemistry  of  phos- 
phates, it  is  evident  that  the  variation  in  the  bond  lengths  and  bond  angles 
is  quite  large  and  it  is  difficult  to  find  an  analog  to  [P04] -tetrahedra  among 
the  inorganic  compounds.®  Hence,  a thorough  study  of  the  crystal  chem- 
istry of  silicates  and  phosphates,  in  turn,  helps  to  understand  crystal 
chemistry  of  analogous  compounds  like  germanates,  vanadates,  arsenates, 
sulphates,  borates,  etc. 

Germanates  and  phosphates  form  the  nearest  analogs  of  silicates 
owing  to  the  nearer  ionic  radii  and  charge  values.  All  three  types  of 
tetrahedra  [Si04,  Ge04,  and  P04]  form  condensed  radicals,  but  the  ability 
to  undergo  polycondensation  is  high  for  silica  tetrahedra  when  compared 
with  Ge,  P,  and  other  tetrahedra  (V04,  As04,  S04,  B04,  BeF4etc.)  having 
nearer  ionic  radii.  This  is  probably  connected  with  a significantly  lower 
number  of  different  P:0  and  Ge:0  ratios  (10  and  9 respectively)  when 
compared  with  a similar  Si:0,  which  is  28  as  observed  in  phosphates, 
germanates,  and  silicates. Pi  This  characteristic  property  of  Si  tetrahedra 
can  be  explained  based  on  two  factors:  i)  suitable  value  of  valence  charge 
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of  silicon  equivalent  to  one  (this  separates  silicon  from  phosphorus),  ii) 
characteristic  radius  ratio  rSi4+:r02_  for  the  formation  of  tetrahedral  coor- 
dination. In  this  respect.  Si  tetrahedra  differ  from  Ge  tetrahedra  for  which 
the  radius  ratio  rGe4+:r02  (0.38)  is  nearer  to  the  upper  stability  limit  of  the 
tetrahedral  coordination  (0.41).  The  possible  valence  states  and  the  coor- 
dination number  of  basic  cations  capable  of  forming  oxide  complexes  are 
given  in  Table  7.3.  All  these  elements  represented  in  Table  7.3  form  the 
tetrahedral  coordination.  Besides,  the  linking  of  [T04] -tetrahedra  (T  is  the 
tetrahedral  cation)  is  different  for  different  cations.  For  example,  out  of 
more  than  six  hundred  structures  refined  for  natural  and  synthetic  sulphates, 
only  in  four  structures,  viz,  K9S207,[8]  nK9S707-V905,[9!  CdS207,[1°!  and 
Te(S2O7)2,00  have  the  pyrogroups  [S907]  been  established  recently.  Struc- 
turally, a very  important  phosphate  mineral,  canaphite,  having  pyrophos- 
phate groups  [P207]  formed  by  the  linking  of  two  tetrahedra  at  the 
vertices,  was  reported  recently  J12]  Before  the  discovery  of  this  mineral  in 
1988,  there  was  a unanimous  opinion  with  regard  to  the  absence  of 
condensed  phosphate  minerals,  although  more  than  320  phosphate 
minerals  are  known  in  nature.  Flowever,  vanadates,  which  usually 
form  4-,  5-  and  6-fold  coordinations  with  oxygen,  contain  the  condensed 
V-tetrahedra.  For  example,  chervetite,  Pb9V907  having  pyrogroup-[V207] 
formed  by  the  linking  of  two  [V04]-teterahedra  with  one  of  the  corners 
sharing,  has  been  reported  so  far.PT  In  contrast,  such  condensed  radical 
groups  or  pyrogroups,  i.e.,  [As207]  complexes,  have  not  been  reported 
among  arsenates. 


Table  7.3.  Valency  States  and  Coordination  Numbers  of  Basic  Oxide 
Complexes1'! 


Group 

Element 

Valency  States 

Coordination 

2 

3 

4 

5 6 

3 

4 

5 

6 

III 

B 

- 

+ 

- 

- 

+ 

+ 

- 

- 

IV 

Si 

- 

- 

+ 

- 

- 

+ 

+ 

+ 

Ge 

- 

- 

+ 

- 

- 

+ 

- 

+ 

V 

P 

- 

+ 

+ 

+ - 

- 

+ 

- 

- 

V 

+ 

+ 

+ 

+ - 

- 

+ 

+ 

+ 

As 

- 

+ 

- 

+ - 

- 

+ 

- 

- 

VI 

S 

+ 

- 

+ 

+ 

- 

+ 

- 

- 
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Main  Concept  of  Silicate  Structures.  In  silicate  structures  (Si.O)- 
tetrahedral  anions  should  be  adjusted  to  the  cationic  polyhedral  frag- 
ments.1 141  In  particular,  this  principle  was  confirmed  by  the  structures  with 
big  cations  (K,  Na.  Ca,  RE  ...),  which  always  contain  (Si,  0)-complexes 
on  the  basis  of  pyrogroups  [Si907]  commensurable  with  the  edges  of 
cationic  polyhedra. 

Several  quantitative  correlations  actually  complete  this  qualita- 
tive approach.  For  example,  there  are  more  than  60  compounds  with  a 
general  formula  Ma[T207]b , where  T = As,  Be,  Cr,  Ge,  P,  S,  Si.  They 
can  be  subdivided  into  two  groups:  a)  tortveitite-like  with  angle  T-O-T  > 
140°;Z?)  bichromate-like  with  angle  T-O-T  < 140.  Figure  7.1  illustrates 
that  the  frontier  between  both  groups  corresponds  to  the  equation  r/T/ 
= 1.5r/M-l.l,  where  r-radii  of  tetrahedral  (T)  and  non  tetrahedral  (M) 
cations. [151  Thus,  the  increasing  number  of  refined  structures  allows  the 
establishment  of  a quantitative  relationship  between  the  configuration  of 
tetrahedral  complexes  and  properties  of  the  non-tetrahedral  cations. 


Figure  7.1.  Correlation  between  the  stability  of  tortveitite-like  and  bichromate- 
like structures  Ma[T2Ov]  and  radii  of  M-  and  T-  cations.1 1 1 
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Among  these  complex  coordinated  compounds,  silicates  have  been 
studied  extensively,  followed  by  germanates,  phosphates,  and  others.  Al- 
though silicates  and  germanates  have  a systematic  structural  classification 
their  analogous  compounds — like  phosphates,  vanadates,  arsenates,  etc. — 
do  not  have  a systematic  classification.  It  is  extremely  difficult  to  classify 
phosphates,  unlike  silicates,  because  of  high  complexity  in  the  phosphates’ 
internal  structures.  116]  Similarly,  the  other  analogous  compounds  such  as 
borates,  vanadates,  arsenates,  and  sulphates,  have  not  been  studied  in  detail 
and  they  do  not  have  any  systematic  structural  classification.  This  is  probably 
connected  with  their  lesser  abundance  in  nature  and  also  lesser  degree  of 
structural  diversities. 

One  of  the  main  crystal  chemical  problems  is  connected  with 
predictions  of  structural  transformations  of  elevated  temperatures  and 
pressures.  The  hydrothermal  technique  especially  is  very  handy  in  this 
context. 

The  diversity  of  (Si.O)-complexes,  described  in  an  earlier  section 
has  been  attributed  to  silicate  stability  at  relatively  lower  depths.  The 
lower  coordination  number  of  oxygcn|2||:,l  in  these  structures  makes  them 
unstable  in  the  mantle.  High-pressure  structural  studies1 171  show  that  the 
decrease  of  Si-0  distance  until  the  “critical”  value-1.59  A-leads  to  a 
change  of  Si-tetrahedra  by  Si-octahedra.  There  is  a certain  advantage  in 
such  transformations,  because  Si-octahedra  with  longer  distances  Si-0 
can  be  linked  not  only  by  corners,  but  also  by  edges  and  even  by  faces. 
Thus,  the  coordination  number  of  oxygen  becomes  greater,  and  at  the 
same  time  the  distribution  of  Si-atoms  becomes  more  compact.!18!  The 
“critical”  value  1.59  A is  not  accidental  and  is  confirmed  by  the 
correlation  between  interatomic  distances  and  angles  in  Si-tetrahedra. • 191 
Lg2/d  (Si-O)  avg / = Lgd  (Si-Si)  -Lg  Z (Si-O-Si)  12  with  fixed  Si-Si 
distances  = 3.06  A and  Z (Si-0-Si)max  = 180°,  one  gets  d (Si-0)min  = 
1.59  A.  This  value  was  obtained  in  the  structure  of  forsterite  Mg2Si04 
at  P = 14.  9 GPa.[20] 

The  stability  of  Si-tetrahedra  depends  on  the  properties  of 
nontetrahedral  M-cations.  The  presence  of  M-cations  with  a high  value  of 
electronegativity  leads  to  a decrease  in  the  coordination  of  oxygen  atoms. 
Consequently,  under  high  pressures  these  structures  transform  into  struc- 
tures with  Si-octahedra  more  easily.121 1 
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McDonald  and  Cruickshank  ( 1 967j|22  have  shown  that  in  structures 
with  electronegative  M-cations  the  distances  Si-0  bridging  and  Si-0  terminal 
become  more  equal.  According  to  Brown  ( 1978), [23]  this  effect  is  followed  by 
a decrease  of  (Si-0)avg  distances  in  Si-tetrahedra.  In  other  words,  chemical 
deformations  connected  with  the  presence  of  M cations  with  high  elec- 
tronegativity is  similar  to  the  high-pressure  structural  deformations. 

The  concept  of  emphasizing  the  dominating  role  of  cations  in  the 
structure  reformation  is  used  for  the  interpretation  of  structural  transfor- 
mations under  high  pressure.  The  compressibility  of  cationic  polyhedra  (/3 ) 
is  inversely  proportional  to  the  polyhedral  charge  density  z/d,!24!  where  d- 
distance  between  central  cation  and  O-atoms.  The  behavior  of  Si-tetrahedra 
mainly  depends  on  the  compressibility  of  the  M-polyhedra,  which  can  be 
considered  as  initial.!25!  For  example,  Mg9Si04,  under  high  pressure  succes- 
sively transforms  from  a-  and  /i-  modifications  with  decreasing  ratios  (Mg- 
0)/(Si-0):  1.291  (a),  1. 860  (/j)  and  1.251  (y).  The  significant  compressibility 
of  the  Mg-octahedra  during  the  transformation  from  the  a-  to  the  y-  form 
initiates  the  unexpected  expansion  of  the  Si-tetrahedra;  d(Si-O)  ina-Mg9Si04 
= 1.636  A while  in  y-Mg9Si04  = 1.655  Ad26!  It  is  noteworthy  that  the 
structural  alterations  in  these  compounds  as  in  some  other  silicates  result  in 
oxygen  atom  packing  ordering.!27! 

According  to  Ringwood,1281  high-pressure  transformations  of  sili- 
cates can  be  studied  on  the  basis  of  their  germanate  analogs.  This  idea  can 
be  understood  if  one  takes  into  account  that  the  ratio  rcation  /roxygen  should 
be  increased  under  high  pressure.  At  atmospheric  pressure,  rGe4+  is 
greater  than  rSi4+  for  20%.  Therefore,  the  structures  of  germanates  at 
normal  pressure  reflect  many  specific  features  of  high-pressure  deforma- 
tions in  silicates.  As  an  example,  the  authors  compare  the  high-pressure 
structural  changes  in  quartz!29!  with  chemical  deformations  in  its  struc- 
ture, where  Si-atoms  were  partially  substituted  by  Ge. 

These  crystals  bear  composition  (Si0  86GeQ  14)02  which  is  consid- 
ered to  be  unique  because,  hitherto,  the  GcO,  concentration  in  the  syn- 
thetic quartz  crystals  never  exceeded  0.13  molar  %.  The  common 
tendencies  in  quartz  under  high  pressure  and  with  the  substitution  of  Si  for 
Ge  are  connected  with:  i)  a decrease  in  angle  T-O-T  (Fig.  7.2);  ii)  a 
decrease  in  intertetrahedral  distances  O-O;  Hi)  a similar  change  in  tilt 
angles  between  tetrahedra  (Fig.  7.3 a);  and  iv)  an  increase  in  tetrahedral 
distortion  (Table.  7. 4). 1301 
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Table  7.4.  Comparison  of  Structural  Parameters  in  Quartz  Under  High 
Pressure  With  The  Substitution  of  Si  for  Gefd 


Pressure 

Substitution  oi 

f Si  for  Ge 

Structural  parameter 

1 bar 

61.4  kbar 

(Sio.86  Ge014) 

Ge02 

ZT-O-T 

143.73 

134.2 

142.2 

130.1 

inter-tetrahedral 

3.331 

2.925 

3.304 

3.024 

distances  0-0  A 

3.411 

3.064 

3.406 

3.193 

tilt  angle 

-16.37 

-23.47 

-17.41 

-26.55 

(O-T-O)-angle’s 

dispersion 

0.67 

5.51 

1.04 

10.09 

The  structural  comparison  in  silicates  and  germanates  allows  expla- 
nation of  the  different  crystal  chemical  phenomena.  One  of  them  is  con- 
nected with  the  question  of  why  Ge02  does  not  crystallize  with  coesite 
structure  while  stishovite — a form  of  Ge02 — mineral  argutite  is  known 
even  in  nature. 

The  structural  changes  of  coesite  under  high  pressure  are  con- 
nected with  significant  dispersion  in  Si-O-Si  angles.  It  is  noteworthy  that 
the  smallest  angle  sharply  decreases.  Moreover,  under  high  pressure,  the 
temperature  factor  of  01?  which  participates  in  bond  Si-0  [ -Si  with  an 
angle  equal  to  180°,  increases  up  to  about  30%,  while  the  temperature 
factors  of  other  atoms  decrease.  Substitution  of  Ge  for  Si  would  reinforce 
the  tendencies  and  would  lead  to  structural  distortions,  in  other  words,  to 
the  displacement  of  Oj  and  the  distortion  in  angle  Si-Oj-Si  = 180°. 

The  tetrahedral  complexes  are  being  extensively  studied  and 
characterized,  owing  to  their  applications  in  technologies  such  as  laser, 
superionic,  ferroelectric,  ion-exchange,  piezoelectric,  opto-electronics, 
and  a host  of  others.  We  initially  discuss  the  silicate  structure,  followed  by 
phosphates,  borates,  vanadates,  sulphates,  etc.,  with  reference  to  their 
properties.  Only  some  representative  compounds  have  been  discussed 
covering  all  the  tetrahedrally  coordinated  compounds. 

In  principle,  there  are  several  ways  to  search  new  crystalline 
phases  under  hydrothermal  conditions: 

The  investigation  of  phase  diagrams  of  crystallization  for 
complicated  systems  and  of  hydrothermal  chemistry  of 
individual  elements. 

The  direct  search  for  new  compounds  with  the  preset 
physical  properties. 
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The  study  of  hydrothermal  reactions  under  new  pressure 
temperature  conditions. 

The  modification  of  known  compounds  with  the  help  of 
isomorphic  displacements  or  of  special  doping. 

The  above  aspects  have  been  discussed,  in  this  book,  for  silicates, 
germanates,  phosphates,  borates,  arsenates,  vanadates,  molybdates,  tung- 
states, fluorides,  etc. 

The  study  of  the  phase  diagrams  of  crystallization  is  the  first  step 
in  the  search  of  new  compounds,  the  conditions  of  their  synthesis,  and  the 
prediction  of  their  physical  properties.  The  next  step  in  the  hydrothermal 
synthesis  is  the  selection  of  compounds  with  promising  properties  and  the 
development  of  methods  providing  the  synthesis  of  crystals  with  sizes 
appropriate  for  their  practical  use  in  science  and  technology.  The  study  of 
phase  interactions  in  multi-component  systems  yields  a wealth  of  infor- 
mation for  hydrothermal  physical  and  crystal  chemistry  and  simulation  of 
natural  processes.  In  fact,  the  number  of  single  crystals  grown  on  seeds 
under  hydrothermal  conditions  is  much  smaller  than  that  of  spontaneously 
grown  single  crystals.  Today  we  have  the  techniques  for  crystal  growth  on 
seeds  for  the  following  materials: 


Oxides: 


Sulphides: 
Complex  oxides: 

Silicates: 


Phosphates: 

Carbonates: 

Germanates: 


quartz  Si02,  Ge02,  zincite  ZnO,  cuprite  Cu20,  sap- 
phire A1203,  ruby  A1203:  Cr3+,  Te02,  AB04  (A-Sb, 
B-Sb,  Nb). 

ZnS,  HgS. 

sillenite  Bi12TO20  (T=Si,  Ge  etc.),  garnets  Ln3Fe5012, 
ferrites  LnFe03. 

nepheline  (Na,  K)  AlSi04,  cancrinite  Na8Al6Si6024 
(OH,Cl)2.  NH20,  sodalite  Na8Al6Si6024(0H)2.  NH20; 
beryl  (emerald)  AL,Be3Si6018:  Cr3,  eulytine  Bi4 
<Si04)3. 

A1P04,  GaP04,  KTiOP04,  KTiOAs04. 

CaC03,  CoC03,  MnC03. 

KAlGe04,  Na8Al6Ge6024(0FI)2  nFl20  (two  modifi- 
cations), Bi4Ge3012. 


The  number  of  spontaneously  nucleated  crystals/compounds  is 
very  high  and  it  is  practically  impossible  to  list  the  individual  phases  and 
their  preparation  conditions.  Therefore,  we  have  made  an  effort  to  group 
them  into  broader  divisions  and  discuss  only  some  selected  phases. 
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7.3  RARE  EARTH  SILICATES 

Among  silicates  obtained  under  hydrothermal  conditions,  the  rare 
earth  silicates  are  the  most  extensively  studied  ones  owing  to  their  aca- 
demic as  well  as  technological  importance.  The  rare  earth  elements  have  a 
significant  influence  on  the  crystallization  of  various  rocks  and  minerals 
and  in  the  magmatic  processes  on  the  whole.  Their  distribution  in  various 
rocks  and  minerals  clearly  demonstrates  the  physico-chemical  influence 
they  exert  upon  the  crystallization  of  the  magma.  Their  distribution  and 
association  further  depend  upon  the  alkalinity  of  the  melt.  Therefore,  an 
extensive  work  has  been  carried  out  on  various  alkali-rare  earth  metal 
silicate  systems  in  order  to  understand  the  crystallization  of  a large 
number  of  rare  earth  silicates  with  and  without  alkali  metals.  A majority  of 
these  rare  earth  silicates  were  found  to  be  new  phases,  and  most  of  them 
carry  technological  significance  owing  to  their  unique  physical  properties. 
Although  a great  amount  of  work  has  been  done  on  the  synthesis  of  several 
hundreds  of  phases  of  rare  earth  silicates  with  and  without  alkali  metals, 
there  are  only  a few  publications  dealing  with  their  crystal  growth  and 
seeded  growth.  Nevertheless,  a vast  literature  data  accumulated  on  these 
compounds  yield  a great  variety  of  interesting  results  with  reference  to  the 
phase  formation,  pressure-temperature  conditions,  starting  materials,  type 
of  rare  earth  element,  alkali  metal,  the  role  of  solvent,  and  so  on.  A large 
number  of  structure  types  have  been  obtained,  which  clearly  indicates  the 
importance  of  these  rare  earth  silicates  from  the  academic  point  of  view. 
Besides,  these  rare  earth  silicates  exhibit  very  interesting  physical  proper- 
ties, which  have  been  studied  by  various  authors  and  they  have  correlated 
these  properties  with  their  molecular  structures.  Though  it  is  extremely 
difficult  to  discuss  each  and  every  aspect  dealt  in  the  literature,  we  have 
made  a sincere  attempt  to  provide  an  overall  picture  of  these  rare  earth 
silicates  of  hydrothermal  origin  with  a special  reference  to  their  phase 
formation  and  structure  types. 


7.4  PHASE  FORMATION  OF  RARE  EARTH  SILICATES  (IN 
AQUEOUS  SOLVENTS) 

It  is  well  known  that  the  hydrothermal  solutions  contain  significant 
amounts  of  chlorides,  carbonates,  and  other  well  soluble  components.  The 
distribution  and  mobility  of  the  rare  earth  elements  greatly  depend  upon 
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their  interaction  with  Cl,  F,  S04,  and  C03  species.  The  formation  of 
silicates  in  nature  takes  place  essentially  from  fluoride  solutions  having 
alkaline  character.  Among  them,  the  main  role  is  played  by  the  hydroxides 
of  Na  and  K.  In  laboratory  synthesis  of  rare  earth  silicates,  essentially 
aqueous  solvents  of  hydroxides  and  carbonates  of  Na  and  K,  and,  simi- 
larly, chloride,  fluorides,  and  their  mixtures,  are  commonly  used  as  sol- 
vents. The  solubility  increases  above  60°C  in  NaOH  solutions,  especially 
above  the  melting  point  of  NaOH  (476°C),  there  exists  a complete  mixing. 
Similarly,  the  increase  in  the  concentration  of  NaOH  with  temperature 
further  improves  the  solubility. I31!32!  Such  studies  have  been  carried 
out  on  carbonate  solutions  in  detail. [33k34i  Table  7.5  shows  the  solubility 
of  Na2C03  in  water. 


Table  7.5.  Solubility  of  Na2C03  in  Water[33] 


P (atm)  Na2C03  in  wt  % 

P (atm)  Na2C03  in  wt  % 

P (atm)  Na2C03  in  wt  % 

475°C 

500°C 

540°C 

900 

1.5-2 

1735  55 

1200  <1.0 

1300 

3.5-4 

1905  88 

1300  1.0 

1550 

16 

520°C 

1400  1.0 

1625 

28 

1200  1.5 

1637 

37 

1400  3.5 

1833 

44 

1500  3.5 

1955 

49-50 

The  bonding  of  the  rare  earth  elements  in  the  form  of  soluble 
species  could  be  represented  as  follows  :[35] 

Eq.  (2)  R:y  Xz  R+3  [Ren  (AX)m] 

where  R = rare  earth  ion 

X and  (AX)  = any  acidic  ions 

I and  II  = electroneutral  compounds  or  complex  anions. 

For  example,  rare  earth  elements  with  carbonate  ions  would  form 
complex  anions  of  [R  (C03)3]  type,  which  can  migrate  and  in  the  presence 
of  alkali  elements  would  form  Na3[R(C03)3]3.  From  Fu  to  Fa,  the  stability 
of  such  complexes  would  increase  with  an  increase  in  the  alkali  concentra- 
tion in  the  medium.  Thus,  in  natural  processes,  rare  earth  elements  must 
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have  migrated  as  the  soluble  complexes  of  carbonates,  fluorides,  chlorides, 
and  may  be  sulphates.  Such  complexes,  in  turn,  participate  in  chemical 
reactions  to  form  more  stable  complexes  with  additional  anions  of  C03,  F,  Cl, 
04,  and  OFF  thus,  the  study  of  rare  earth  silicates  in  aqueous  solutions  of 
Na,C03,  NajSO^  NaCl,  and  NaF.  In  fact,  the  solubility  of  Na,C03,  NajSO^ 
NaF  in  water  decreases  with  an  increase  in  temperature,  and  increases  with 
an  increase  in  pressure.  The  solubility  of  NaCl  in  water  increases  with  an 
increase  in  temperature  and  pressure.  These  studies  on  the  behavior  of 
solvents  with  temperature  and  pressure  have  helped  in  the  understanding  of 
the  phase  formations  in  various  rare  earth  silicates  and  analogous  systems. 

Although  the  study  of  various  rare  earth  silicate  systems  began 
during  the  1970s  extensively,  the  objective  was  to  understand  the  distribu- 
tion and  mobility  of  rare  earth  elements  in  natural  systems.  The  impor- 
tance of  the  addition  of  alkali  elements  into  the  systems  was  realized  in  the 
1980s,  because  the  alkali  and  rare  earth  metals  together  play  an  important 
role  in  the  formation  of  various  phases.  Several  new  phases  were  discov- 
ered and  with  the  availability  of  a vast  amount  of  structural  data  on  these 
alkali  rare  earth  silicates,  their  physical  properties  became  known  to  the 
scientific  community.  Some  of  these  alkali  rare  earth  silicates  exhibit  very 
interesting  mixed  framework  structures.  Among  the  cations  in  the  alkali 
rare  earth  silicates  with  mixed  framework  structures,  the  alkali  ion  can 
serve  as  a mobile  charge  carrier.  It  provides  interesting  opportunities  for 
the  development  of  potentially  new  fast  ion  conductors  because  of  the 
extensive  possibilities  for  crystal  chemical  tailoring.  The  chemical  stabil- 
ity for  silicates  and  a large  number  of  related  phases  are  available  for 
investigation. F6k37l  High  Ionic  conductivity  has  been  reported  in 
Na5RSi4Op  (where  R = La-Lu,  Sc,  Y)  ring  silicates,  almost  simulta- 
neously from  three  different  laboratories. I38]-[43]  Hydrothermal  synthesis 
of  Na5YSi4012,  Na5Sc  Si4012,  Na5Er  Si4012,  etc.,  has  been  reported  in  the 
literature.  The  crystal  structure  of  Na5RSi4012  was  reported  by  Maksimov 
et  al .|43 1 and  it  is  shown  in  Fig.  7.4.  Thus,  the  importance  of  the  rare  earth 
silicates  was  established  during  the  1980s.  Here,  we  discuss  the  behavior 
of  various  rare  earth  silicates  and  alkali  rare  earth  silicate  systems  under 
hydrothermal  conditions  within  a wide  range  of  pressure  temperature 
conditions.  Also,  the  role  of  different  mineralizers  and  the  stalling  molar 
ratios  on  their  crystallization  has  been  studied  to  obtain  a general  picture, 
instead  of  describing  each  and  every  rare  earth  silicate  compound  and  its 
synthesis. 
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Figure  7.4.  Crystal  structure  of  Na5RSi4012.[43] 


In  the  carbonate  solutions  and  in  mixed  solutions  of  NaOH  + 
Na2C03,  two  new  phases  crystallize  and  when  RE203:  Si02  = 1:4.  NaR 
Si6014  crystallizes,  where  R = La-Eu.  These  crystals  are  quite  stable  in 
pure  Na2C03  solution  and  NaOH  up  to  10%.  With  an  increase  in  the 
concentration  of  the  solutions,  apatite  like  phase  forms,  and  with  a de- 
crease in  the  concentration  of  the  solutions,  the  stability  of  NaRSi6014 
falls  along  with  the  stability  field  of  quartz.  In  a pure  carbonate  solution, 
together  with  NaRSi6014,  quartz  always  crystallizes.  With  an  addition  of 
NaOH,  the  quantity  of  quartz  reduces  but  doesn’t  disappear  totally. 

When  R203:Si00  approaches  1:1,  the  system  gives  another  phase 
Na3RSi6015.2H20,  which  is  the  characteristic  phase  for  the  entire  rare 
earth  series,  and  it  persists  up  to  the  concentration  of  NaOH  = 30%,  and 
beyond  30  % of  NaOH,  it  separates  into  two  types:  Na3R[Si-,07]  for  the 
second  half  of  the  series  (yttrium  series)  and  Na2R[Si04]  (OH)  for  the  first 
half  of  the  rare  earth  series  (lanthanum  series).  An  overall  scheme  of 
crystallization  shows  that  when  mixed  mineralizers  (NaOH  + N2C03)  are 
used,  the  crystallization  pattern  changes,  and  is  shown  for  the  Nd 
representative  in  Fig.  7.5[44J  It  is  interesting  to  see  that  with  a decrease 
in  the  amount  of  H,0  in  the  alkali-carbonate  system  the  field  of 
Na3RSi6015  •2H00  also  decreases  and  only  one  phase  NaR6014  crystal- 
lizes. In  the  NaOH  + Na2C03  solution  and  at  T = 550-600°C  andP 
= 1-2  kbar  and  only  in  experiments  with  NaF  and  NaCl,  it  is  shown  that 
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the  surplus  silica  for  the  lighter  rare  earth  series  in  the  system,  only 
NaRSi6014  crystallizes  in  all  cases,  of  course,  the  crystal  morphology 
varies  from  those  obtained  using  carbonate  solutions.  Figure  7.6 
shows  the  crystallization  fields  for  the  system  NaiO-RiC^-SiC^-HiO, 
T=  450-650°C,  P = 400-2500  atm  (L  Surplus  R203\  ii.  Surplus  Si02)J35] 
In  NaF  solution  this  compound  crystallizes  as  fine  crystalline  mass.  It  can 
be  concluded  that  under  hydrothermal  experimental  conditions,  the  pres- 
ence of  F,  Cl,  C03,  and  S04  anions  in  the  solvents  greatly  influences  the 
[Si04]  anions  to  form  highly  complex  anions  like  [Si6015]  and  [Si6014],  It 
is  interesting  to  note  that  rare  earth  elements,  including  the  lighter  rare 
earths  (La-Nd),  form  chain  silicates  with  discrete  polyhedra.  Such  discrete 
rare  earth  polyhedra  were  first  observed  among  silicates,  and,  subse- 
quently, in  germanates,  phosphates,  and  so  on.|44H4f,l 


■faff# 


Figure  7.5.  Crystallization  pattern  Nd  silicate!44] 
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Haile  et  al.  (1993)[471-[49]  studied  the  hydrothermal  synthesis  of 
new  alkali  silicates,  potassium  neodymium  phases,  and  sodium  phases,  in 
great  detail.  The  alkali  silicates  are  interesting,  both  scientifically  and 
technologically,  as  fast  ionic  conductors  because  of  their  typical  open 
framework  structures  and  the  unique  possibilities  for  crystal  chemical 
tailoring.  Their  studies  on  the  systems  K20-Nd203-Si09  and  Na20-Nd903- 
Si09  yielded:  K3NdSi308(0H)9,  K3NdSi7017,  K5NdSi9099, 

K8NdSi12032-0H,  K3NdSi6015,  K3NdSi6015  (Pbam),  K2Nd-Si4O10-OH,  and 
KNd9(Si04)609,  out  of  which  the  first  four  have  no  known  isomorphs. 
Similarly,  of  NaNdSi6014,  Na3NdSi6015  2.5H90,  NaNd9(Si04)602, 
Na3YSi60]5,  Na3YSi7017,  Na7YSi12029,  Na3YSi309,  Na5YSi4012, 
Na6YSi13029  (OH)3  and  NaYSi6014,  six  are  new.  The  synthesis  has  been 
carried  out  in  aqueous  solutions  of  MOH,  M2C03,  MF,  MHF2  (where 
M = Na,  K),  K9B407  as  solvent,  and  either  a glass  of  high  silica  content, 
4K90  (Na20)-Nd903-17Si09,  or  a mixture  of  Nd203,  vitreous  silica  and 
K9C03(Na2C03)  as  the  precursor  material.  Pressures,  temperatures,  and 
solution  molarities  utilized  ranged  from  0.3  to  1.4  kbar,  from  350  to 
600°C,  and  up  to  10  M respectively.  The  authors  found  that  high-solution 
molarities,  high  temperatures,  and  to  some  extent,  high-pressures  and  long 
reaction-time  favored  the  crystallization  of  phases  with  low  “connectivities” 
between  [Si04]  tetrahedra  in  the  structure.  A decrease  in  the  ratio  of 
interstitial  oxygen  atoms  and  hydroxyl  groups  broadly  corresponds  to  a 
progressive  change  from  a 3-d  structure,  to  one  that  is  layered,  to  one 
based  on  chains  or  rings  and  eventually,  to  one  that  contains  discrete 
radicals,  typically  [Si04]-4  groups.  The  changes  in  the  structure  of  the 
crystallization  phase  occur  via  changes  in  the  structure  of  the  silicate 
species  in  the  solution.  The  latter,  in  turn,  responds  to  changes  in  the 
experimental  conditions  in  accordance  with  a generalized  reaction: 

Eq.  (3)  SixOy2'2x-y>  + 2zOH  SixOy2<2x  y z»  + H90 

The  synthesis  in  the  Na20-Nd203-Si09-H90  system  is  much  more 
sensitive  to  the  basic  alkali  content  than  in  the  K90-Nd903-Si09-H90 
system,  with  the  apatite-type  phase  forming  at  much  lower  hydroxide  and 
carbonate  concentrations.  High  Si09  solubility  in  the  presence  of  NaoO  is 
also  responsible  for  the  much  greater  quantity  of  gelatinous  material  that 
resulted  from  these  experiments. 

It  is  interesting  to  note  that  the  crystallization  of  various  phases 
and  the  stoichiometries  of  the  phases  depend  mainly  on  the  type  and 
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concentration  of  the  alkali  metals.  The  apatite-type  phases  have  been 
obtained  at  the  highest  KOH  molarity.  The  two  quantities,  Si:0  and  mol  % 
Si02,  are  necessarily  related  in  a system  where  the  non-silicon  cations  are 
mono-  and  trivalent.  The  former  has  in  addition,  a very  direct  relationship 
to  the  linkage  of  tetrahedra  in  the  silicate  framework.  A low  Si:0  ratio 
implies  that  if  any  or  some  oxygen  atoms  are  bonded  to  more  than  one 
silicon,  the  connectivity  of  the  framework  is  low.  The  change  observed  in 
the  nature  of  the  crystallized  phase  upon  an  increase  in  the  potassium 
content,  corresponding  to  a lowering  of  the  connectivity  of  the  structure. 
The  phase  encountered  at  the  lowest  KOH  concentration  is  an  ideal  Si,05 
layered  silicate,  (K3NdSi6015,  Pbam  form)  with  all  Si04  tetrahedra  sharing 
apices  with  three  others.  The  phase  encountered  at  the  highest  KOH 
molarity  is  an  orthosilicate,  (KNd9(Si04)60-,)  structurally  composed  of 
isolated  Si04  tetrahedra.  Similarly,  K3NdSi7017,  produced  at  lower  KHF, 
concentrations  has  an  interconnected,  3-d  silica  framework,  whereas 
KoNdSi4O10OH,  obtained  at  higher  concentrations,  is  based  on  infinite 
(Si005)  tubular  units. 

The  concept  of  classifying  compounds  as  “chain  breakers”  (for 
example,  K20)  and  “chain  formers”  (for  example,  P205)  has  been  well 
developed  in  silicate  glass  technology,  yet  rarely  used  in  the  context  of 
silicate  crystal  growth.  As  the  hydrothermal  growth  involves  a solution  in 
addition  to  the  growing  silicate  phase,  it  is  by  no  means  obvious  that  such 
an  approach  should  be  applicable  in  this  context.  Ikornikova  ( 1 97 1 )|5°  has 
studied  aqueous  solutions  of  SiO0  and  Na-,0,  and  has  observed  that  at  low 
alkali  to  silica  ratios  in  the  solute,  but  high  overall  solute  concentrations, 
silica  is  dissolved  as  long  chain  polymers  or  colloidal  particles  (5-20  A in 
radius)  that  have  an  overall  composition  ranging  between  Si2025  and 
Si032-.  As  the  alkali  to  silica  ratio  in  the  liquid  is  increased,  such  agglom- 
erates break  apart,  coordination  decreases,  and  the  predominant  species 
become  more  negatively  charged  pyrosilicate  (Si206_7)  and  orthosilicate 
(Si044  ) groups.  In  this  particular  system,  we  expect  reactions  such  as 

Eq.  (4)  2Si  60 [56  (aq  )+  40H  " <-»  Si  12 03216  (aq  )+  2H  20 

Eq.  (5)  Si308_4(aq)+80H"  3SiO  “4(aq)+ 4H20 

to  take  place.  The  dissolved  species  on  the  left-hand  side  of  Eq.  (4)  has 
Si:0  ratio  0.4  and  comprises  the  basic  unit  of  K3NdSi6015,  while  that  on 
the  right-hand  side  has  a ratio  of  0.375  and  it  corresponds  to  the  silicate 
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layer  in  K8Nd3Sip0320H.  Similarly,  Eq.  (5)  represents  the  equilibrium 
between  the  aqueous  counterparts  of  K8Nd3Si19Oi3OH  and  KNd9(Si04)609 
(Si:0  = 0.25  on  the  right). 

As  the  OH-  concentration  is  raised,  the  right  hand  sides  of  Eqs.  (4) 
and  (5)  are  increasingly  favored,  Si-O-Si  bonding  decreases,  the  fraction 
of  oxygen  atoms  bonded  to  only  one  silicon  increases,  and  the  average  size 
of  the  dissolved  silica  complexes  decreases.  During  hydrothermal  growth, 
it  is  expected  that  these  complexes  act  as  precursors  to  the  crystalline 
precipitate  such  that,  as  the  aqueous  concentration  of  a particular  species 
is  increased,  the  likelihood  of  a structure  into  which  it  is  easily  incorpo- 
rated will  precipitate,  correspondingly  increases.  It  is  in  this  manner  “an 
increase  in  the  alkali  content  in  the  liquid  phase  causes  a decrease  in  the 
connectivity  of  the  silica  framework  in  the  resultant  crystalline  phase.” 

The  anionic  species  present  in  the  solvent  plays  a decisive  role  in 
determining  the  solution  molarity  required  for  the  synthesis  of  the  various 
compounds.  Much  lower  concentrations  are  required  to  obtain 
K8Nd3Si1203-,0H  from  K2B407.  For  example,  concentration  < 1M  K2B407 
provides  twice  as  many  potassium  ions  as  1M  KOH.  The  absence  of 
KNd9(Si04)609  from  K2C03  experiments,  even  at  very  high  concentra- 
tions, suggests  that,  in  accordance  with  reactions  shown  above,  pH  is  also 
an  important  factor.  The  higher  pH  values  cause  not  only  greater  Si02 
dissolution,  but  also  the  break  up  of  dissolved  silica  complexes  into 
smaller  species.  The  reasons  that  the  fluorine  compounds  gave  rise  to 
entirely  different  phases  remain  unclear.  The  low  concentrations  at  which 
these  fairly  pH  neutral  compounds  caused  the  formation  of  K3NdSi7017 
rather  than  K3NdSi6015  (derived  when  pure  water  served  as  the  solvent) 
indicates  that  some  variable  other  than  pH,  possibly  the  high  reactivity  of 
F-  with  Si4+,  is  playing  a significant  role. 

Higher  temperatures  slightly  favored  the  formation  of  low  Si:0 
phases.  This  was  true  in  spite  of  the  fact  that  at  high  temperatures  (at 
constant  molarity)  the  percent  fill  of  liquid  was  lowered  to  compensate  for 
the  decrease  in  the  density  of  water,  leading  to  a systematic  reduction  in 
the  total  alkali  content.  If  such  a change  in  experimental  conditions  was  to 
occur  alone,  that  should  result  in  the  synthesis  of  the  high  Si:0  phases.  If 
we  accept  that  changes  in  the  structure  of  silica  in  solution  are  responsible 
for  changes  in  the  structure  of  the  precipitate,  the  result  implies  that  high 
temperatures  are  particularly  effective  in  shifting  the  above  two  reactions 
to  the  right,  thereby  causing  dissolved  silica  complexes  to  break  apart  into 
smaller  species. 
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Higher  pressures  also  favor  the  low  Si:0  phases.  In  this  case, 
however,  experiments  performed  at  1400  bar  pressure  were  given  higher 
percent  than  those  performed  at  825  bar  (constant  molarity),  to  reflect  the 
increase  in  solvent  density  at  the  higher  pressure.  It  is,  therefore,  not  clear 
whether  the  change  in  crystallized  phase  resulted  from  an  increase  in  the 
pressure  or  increase  in  the  total  alkali  content. 

Lastly,  although  only  a limited  number  of  experiments  have  been 
performed  with  variation  in  the  crystallization  time,  a tendency  towards 
the  formation  of  the  low  Si:0  ratio  apatite-type  phase  with  increasing  time 
has  been  observed  in  the  5M  KOH  experiments.  The  reason  may  be  that 
the  glass,  with  a relatively  high  solubility,  quickly  supersaturates  in  the 
solution  with  respect  to  the  crystalline  phases.  As  the  initial  silica  content 
in  the  solution  is  high,  dissolved  species  are  large,  and  the  higher  silica 
content  phase — K8Nd3Sip0320H — precipitates  preferentially  over 
KNd9(Si04)6CL  in  the  solution.  If  more  time  is  given,  K8Nd3Si1203-,0H 
slowly  redissolves,  but  the  total  silica  content  in  the  solution  remains  low. 
Therefore,  dissolved  species  are  reduced  in  size,  and  the  apatite-type 
phase  eventually  precipitates. 

The  conditions  (average  temperature,  estimated  pressure,  solvent 
type  and  molarity,  solid  to  liquid  ratio,  total  alkali  content,  and  time)  that 
gave  rise  to  K3NdSi308(0H)2  growth  using  the  temperature  gradient 
technique  broadly  correspond  to  those  that  caused  K8Nd3Sip0390H  and 
KNd9(Si04)6CL  co-crystallization  isothermally.  As  K3NdSi308(0H)i  has 
a silicon  to  (bonding)  oxygen  ratio  of  0.3,  a structure  based  on  trisilicate 
chains!51]  and  a composition  that  closely  resembles  the  combined  stoichi- 
ometry of  the  nutrient  and  the  mineralizer  is  formed. 

The  reasons  for  the  appearance  of  the  different  phases  under 
different  conditions  have  been  explained  in  terms  of  their  differing  struc- 
tures, rather  than  differing  stoichiometries,  and  in  terms  of  silicate  solu- 
tion chemistry.  It  is  generally  accepted  that  during  hydrothermal  growth, 
the  nature  of  the  dissolved  species  determines  the  nature  of  the  crystalline 
product.  We  have  observed  a decrease  in  the  connectivity  of  the  silicate 
framework  in  the  product  phase,  as  measured  by  the  Si:0  ratio  (or, 
alternatively,  Si00  mol%),  with  increasing  solution  molarity  (alkali  con- 
tent), temperature  and,  to  some  extent,  pressure.  Therefore,  it  is  concluded 
that  higher  solubilities  under  these  conditions  coincide  with  a decrease  in 
the  average  size  of  the  dissolved  complexes,  and  are  responsible  for  the 
change  in  the  structural  nature  of  the  crystalline  product.  Longer  times 
also  appear  to  favor  the  crystallization  of  low  Si:0  ratio  phases.  These 
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observations  provide  guidelines  by  which  new  phases  with  some  desired 
structural  feature  might  be  synthesized.  Stoichiometric  parameter  other 
than  the  Si:0  ratio  and  the  SiO,  mol%  are  not  easily  correlated  to  the 
experimental  variables.  The  mole  percent  alkali  in  the  product  phase,  for 
example,  does  not  monotonically  increase  as  the  molarity  of  the  solution  is 
increased.  Lastly,  it  is  observed  that  when  phases  of  low  silica  content 
form,  overall  mass  balance  is  maintained  via  the  presence  of  a high  silica 
content  gel.  It  is  most  probable  that  this  gel  precipitates  out  of  solution  as 
the  autoclave  is  quenched. 

Such  studies  greatly  help  in  understanding  the  hydrothermal  chem- 
istry of  silicates  and  their  crystallization  mechanism.  Hitherto,  only  zeo- 
lites have  such  a vast  amount  of  data  on  their  hydrothermal  chemistry. 
Another  approach  to  the  hydrothermal  chemistry  of  silicates  has  been 
treated  in  the  forthcoming  sections  under  degree  of  silification. 


7.5  CRYSTAL  CHEMICAL  SIGNIFICANCE  OF  PHASE 
FORMATION 

The  study  of  the  crystallization  of  various  rare  earth  silicates  and 
their  correlation  with  the  crystal  chemistry  has  not  been  carried  out 
effectively.  In  laboratory  conditions,  it  is  interesting  to  understand  the 
conditions  of  synthesis  and  the  structure  with  the  change  in  the  ionic  radii 
of  rare  earths.  Such  studies  have  revealed  the  mechanism  of  formation  of 
some  of  the  fine  crystal  structures. 

Silicates  of  rare  earth  elements  owing  to  their  ionic  radii  belong  to 
a large  group  of  silicates  with  larger  cations.  During  the  1950s,  the 
academican  N.  V.  Belov  framed  the  structural  principles  for  these  sili- 
cates. Further,  the  structure  formation  of  silicon-oxygen  radicals  shall  be 
treated  essentially,  as  a result  of  cationic  motif.  Their  differentiation  as 
chains,  ribbons,  cages,  and  rings  is  relatively  more  popular,  but  a signifi- 
cant variation  depending  upon  their  geometric  relationship  of  cationic 
polyhedra  and  Si-0  radicals  can  also  be  observed.  1521 

Natural  rare  earth  silicates  are  considered  as  very  complex  ones 
containing  a wide  range  of  cations  like  Ca,  Fe,  Be,  Al,  Ti,  Sr,  Mn,  Ba,  and 
Na.  Their  crystal  chemical  elucidation  is  highly  related  to  the  naturally 
occurring  rare  earth  elements.  Thus,  we  can  have  two  broad  groups:  alkali 
rare  earth  silicates  and  rare  earth  silicates  without  alkalis  covering  both 
natural  and  synthetic  rare  earth  silicates.  Figure  7.7  shows  the  tetrahedral 
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arrangement  in  silicates  with  [Si6014]  radical.  The  typical  compounds  are 
Na4[Si6014]  and  NaNd[Si6O14].[50] 

Today,  over  fifteen  structure  types  of  mixed  rare  earth  silicates 
without  alkalis,  and  twenty-one  structure  types  of  rare  earth  silicates  with 
alkali  cations  have  been  reported.  Their  crystal  chemical  characteristics 
are  presented  in  Tables  7.6  to  7.9.I35H53] 


Table  7.6.  Crystal  Chemical  Characteristics  of  Rare  Earth  Silicates[35] 


Crystal  chemical  group 

R-element 

Symmetry 

NaxRIX[Si04] 

La-Nd 

Orthorhombic  (i) 

NaVIIRVIII[Si04] 

Pr-Ho 

Tetragonal 

NavlRVI[Si04] 

Ho-Lu 

Orthorhombic  (ii) 

Na*13R3Vi[Si12036] 

Ho-Lu, 

Y Monoclinic 

Na*RVI[Si207] 

Er-Lu, 

Y Orthorhombic 

Na*RVI[Si6014] 

La-Eu 

Orthorhombic 

Na2*RVII1[Si04](0H) 

La,  Pr 

Orthorhombic 

Na*RVII[Si6013](0H)2 

La-Lu 

Orthorhombic 

* Co-ordination  number  of  Na  in  the  work  is  not  given. 


Table  7.7.  Crystal  Chemical  Characteristics  of  Silicates  135] [53] 


Compound 

O/Si 

Si02/ 

R2O3 

Si/ 

Na+R 

Structural  motif  *Co-No. 
Si-O  R-0  R 

*Co-No. 
of  Na 

R4  67[Si04]30 

4 

0.78 

0.64 

[Sio4] 

3d- bond 

9.7 



NaR[Si04] 

4 

2 

0.5 

[Sio4] 

lR2OgL„ 

9 

10 

NaR[Si04] 

4 

2 

0.5 

[Sio4] 

4 -mem- 
bered  ring 

8 

7 

NaR[Si04] 

4 

2 

0.5 

[Sio4] 

[R2o8]— 

6 

6 

Na2R[Si04](0H) 

4 

2 

0.33 

[Sio4] 

3d- bond 

8 

5;  7 

Na3R[Si207] 

3.5 

4 

0.5 

[Si2Ov] 

[RO6]0 

6 

4;  5 

Na15R3[Si12036] 

3 

8 

0.66 

[Si12036]  [RO6]0 

6 

4;  6 

Na3R[Si6015]2H,0 

2.5 

12 

1.5 

[SieOis] 

7 

— 

NaR[Si6014] 

2.33 

12 

3 

[Si6o14] 

[R3O12I00 

8 

4;  8 

Co-No.  = Coordination  number. 


[7] 
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Table  7.8. 

Structure  Types  of  Rare  Earth  Silicates!35^53] 

Compound 

Representative  Cell 

parameter 

(A) 

Rare  Earth, 

Co.  No.,  Tetrahedral 

Average  radical  form 

bond 

distance  A 

Rare  earth 
polyhedra 

R2[Si04]0 

R=La-Tb 

Gd2[Si04]0  P2[/c  z = 4 

a = 9.12 
b = 7.06 
c = 6.73 
P=  107.58° 

Gdj  7 2.39  orthotetra- 
Gd,  9 2.49  hedra 

framework 

R2[Si04]0  Yb2[Si04]0  B2/  b z = 8 

R=Tb-Lu,Y  " a = 14.28 

b = 10.28 
c = 6.653 
y=  122.2° 


R4  67[Si04]30  Gd4  67[Si04]30  P63/m  z = 2 

Gdj 

7 

2.41 

orthotetra- 

framework 

R = La-Lu  a = 9.431 

Gd, 

9 

2.53 

hedra 

b = 9.873 

a-Eu2+2[Si04]P2I/cz  = 4 

Euj 

8 

2.62 

orthotetra- 

framework 

a = 5.661 

hedra 

b = 7.101 

Eu, 

10  2.86 

c = 11.518 

P=  122.01 

/5  - Eu2+2[Si04]  Pnma  z = 4 Euj  10  2.86  orthotetra-  framework 
a = 7.137  hedra 

b = 5.665  Eu2  7 2.57 

c = 9.767 

R2Si207  Sm2Si207  P4t  z = 8 Sn^  7 2.42  diortho-  framework 

R = La-Eu  ’ " a = 6.695  Sm2  9 2.56 

b =24.40 

R2Si207  Yb2Si,07  C2/m  z = 2 Yb  6 2.24  diortho-  ribbon 

R = Ho-Lu,Sc  " " a = 6.802 

b = 8.875 
c = 4.703 
P=  102.12° 

R2Si207  Er,Si,07  P2j/bz  = 2 Er  6 2.26  diortho-  layer 

R = Ho-Er  " " a = 4.683 

b = 5.556 
c = 10.79 
7=  96° 


Ybj  7 2.33  orthotetra-  framework 
hedra 

Yb,  6 2.33 


( Cont’d .) 
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Table  7.8.  (Cont’d.) 


Compound 

Representative  Cell 

parameter 

(A) 

Rare  Earth, 
Co.  No., 
Average 
bond 

distance  A 

Tetrahedral 
radical  form 

Rare  earth 
polyhedra 

R2Si207 

R = Eu-Ho 

Gd2Si207 

Pna2 1 z = 4 
a = 13.87 
b = 5.073 
c = 8.33 

Gd  7 2.40 

diortho- 

framework 

R2Si207 
R = Sm-Eu 

Eu-,Si-,07 

P,-Pj  z = 4 
a = 8.517 
b =12.848 
c = 5.385 
a =91.65° 
P =92.24° 
7=90.44° 

diortho- 

R2Si207 
R = La-Sm 

Nd2Si207 

P2T2t2[  z = 4 
a = 5.394 
b =12.95 
c = 8.72 

Nd  8 2.53 

diortho- 

framework 

R2[Si207] 

R = Tm-Lu 

Yb2[Si207] 

P4t2,2  z = 4 
a = 6.574 
c =11.98 

diortho- 

framework 

(Y,Th)2[Si207]  P2j  /m  z = 2 Y 6 2.36  diortho-  layer 

a = 7.50 
b = 8.06 
c = 5.02 
P=  112° 

Y3[Si3O10](OH)  P2j  /n  z = 6 Y,  2 7 2.32  triotho-  layer 


a =10.343 
b = 7.284 
c =11.093 
7=96.92° 

y3 

8 2.43 

R4[Si3O10]  Ho4[Si3O10] 

P,  z = 4 

Ho 

8 2.44 

triortho  - + ribbon 

[Si04]  [Si04] 

a = 6.664 

ortho- 

R = Eu-Er 

b = 6.674 
c = 12.110 
a =94.07° 
P =89.97° 
7=91.66° 

tetrahedra 
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Table  7.9.  Structure  Types  of  Alkali  Rare  Earth  Silicates [35][53] 


Compound  Representative  Cell 

Rare  Earth, 
Co.  No., 

Tetrahedral 

Rare  earth 

parameter 

Average 

radical  form 

polyhedra 

(A) 

bond 

distance  A 

NaR[Si04]  NaY[Si04] 

Pbn2t  z = 4 

Y 

6 

2.26 

orthotetra- 

discrete 

R = Er-Lu,Y 

a = 5.09 
b =10.96 
c = 6.35 

hedra 

polyhedra 

Na  R[Si04]  NaSm[Si04] 

14/m  z = 8 

Sm 

8 

2.51 

orthotetra- 

framework 

R = Nd-Ho 

a =1 1.89 
c = 5.45 

hedra 

NaR[Si04]  NaNd[Si04] 

Pna2j  z = 12  Nd 

8 

2.45 

orthotetra- 

column 

R = Ce-Nd 

a =20.00 
b = 9.28 
c = 5.45 

hedra 

KNd9[Si04]602 

P63  z = 1 

Nd 

7 

2.48 

orthotetra- 

framework 

a = 9.576 

(K.Nd)  9 

2.48 

hedra 

c = 7.009 

(K.Nd)  9 

2.75 

LiY[Si04] 

P2,  /b  z = 4 

Y 

7 

2.01 

orthotetra- 

layers  front 

a = 5.368 

hedra 

6-membered 

b =10.806 

ring,  Seven 

c = 6.195 
7=113.40° 

sided 

Na,R[Si04]0H 

Pnma  z = 4 

La 

8 

2.59 

orthotetra- 

framework 

Na2La[Si04]OH 

a = 9.72 

hedra 

R = La-Pr 

b = 7.57 
c = 6.81 

4{NaYSi04}NaF 

-P* 

N 

II 

OO 

orthotetra- 

framework 

a =11.579 
c = 5.396 

hedra 

Na3R[Si707]  Na3Sc[SL07] 

Pbnm  z = 4 

Sc 

6 

2.10 

diortho- 

discrete  poly 

R = Er-Lu,  Y, Sc 

a = 5.354 
b = 9.347 
c =13.089 

hedra 

Na6YSc[Si207]2 

P63  z = 4 

Y 

6 

2.62 

diortho- 

discrete  poly 

a =10.726 
b =13.491 

6 

2.71 

hedra 

( Cont’d .) 
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Table  7.9.  (Cont’d.) 


Compound  Representative  Cell 

parameter 

(A) 

Rare  Earth, 
Co.  No., 
Average 
bond 

distance  A 

Tetrahedral 
radical  form 

Rare  earth 
polyhedra 

K,Eu[Si,Ov] 

P6c2  z = 6 
a = 9.956 
c =14.455 

Eu 

6 2.31 

diortho- 

discrete 

polyhedra 

K3Y[Si,08(OH),]  Pmnb  z = 4 
" a = 13.536 
b = 13.17 
c = 5.867 

Y 

6 2.23 

Triothor- 

discrete 

polyhedra 

Na4Sc2[Si4013 

] Pna2j  z = 4 
a =14.442 
b = 5.288 
c =14.219 

Sc 

6 2.11 

tetra- 

polyhedra 

K4Sc,[Si4012] 

(OH), 

Pbam  z = 8 
a =12.725 
b =12.741 
c = 8.441 

Sc 

6 2.09  4-membered 
-2.16  ring 

chain 

Na5RSi4012  Na5LuSi4012 
R=Sm-Lu,Y,Sc 

R32  z = 16 
a=21.926l4] 

Lu 

6 2.20 

12-membered  discrete 
ring  polyhedra 

c=12.556Pl 


LiScSi,06  C2/c  z = 4 Sc 
a = 9.8033 
b = 8.9581 
c = 5.3512 
P =110.281° 


6 2.107  Chains  with  layer 
Period  of  2 
tetrahedra 


Na12Y4Si120,6  P212I2I  z = 16  Y 
a =15.033 
b =15.142 
c =15.213 


6 2.20  Chains  with 
-2.36  Period  of  24 
tetrahedra 


discrete 

polyhedra 


NaRSi6014  NaPrSi6014 

Ibam  z = 8 

Pr  6 2.41  Tripple 

Column 

R=La-Lu 

a = 7.682 

layered 

b =15.445 

column 

c =19.724 

NaNdSi6013 
(OH),  nH,0 


Cmm2  z = 4 Nd 
a =30.87 
b = 7.387 
c = 7.120 


7 2.44  layers  with  discrete 

8-,  6-,  5-,  & polyhedra 

4-  membered 

rings 


(Cont’d.) 
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Table  7.9.  (Cont’d.) 

Rare  Earth, 

Co.  No.,  Tetrahedral  Rare  earth 

Average  radical  form  polyhedra 

bond 

distance  A 


K3RS16015 
R =La-Lu 

K3NdSi6015 

Pbam  z = 4 
a =16.011 
b =14.984 
c = 7.276 

Nd  6 2.38 

layers  with 
8-,  6-,  5-,  & 
4-  membered 
rings 

discrete 

polyhedra 

K8R3[S16016]2 

PI  z = 1 

Yb  6 2.26 

layers  with 

discrete  & 

(OH) 

K8Yb3[Si6016]2 

a = 6.808 

12-,  8-,  & 6- 

bicapped 

R =La-Lu 

(OH) 

b = 11.434 
c = 11.449 
a = 88.52 
P=  90.91 
7=100.10 

membered 

rings 

polyhedra 

K,Ce[Si6015]  12/bz=4  Ce  8 2.23  framework  discrete 

a =13.058 
b =11.854 
c = 8.698 
7=90.15 

* Co-No.  = coordination  number 


In  these  compounds,  the  following  anionic  groups  have  been 
identified:  ortho-,  diortho-,  mixed  ortho-  and  triortho-groups,  tetraortho- 
groups,  discrete  4-membered  rings,  discrete  twelve-membered  rings,  spi- 
ral chains,  layers  from  6-,  8-,  and  12-membered  rings,  triple  column  and 
Si-0  framework.  Various  types  of  anionic  radicals,  found  in  rare  earth 
silicates  are  given  in  Table  7.10d53] 


Compound  Representative  Cell 

parameter 

(A) 


444  Handbook  of  Hydrothermal  Technology 


Table  7.10.  Anionic  Structural  Motif  in  Rare  Earth  and  Alkali  Rare  Earth 
Silicates!53! 


Radical  form 

Representative 
Structure  type 

Rare  eath 
Polyhedra 

Co.  No.  of 
Rare  Earth 
Cations 

Orthotetrahedra 

Gd2[Si04]0 

framework 

7,  9 

[Si04] 

Yb2[Si04]0 

framework 

6,  7 

Ge4  66 1 bi()4|30 

framework 

7,  9 

Eu2[Si04] 

framework 

8,  10 

NaNd[Si04] 

column 

9 

NaSm[Si04] 

4-membered  ring 

6 

NaY[Si04] 

discrete  polyhedra 

6 

4{NaYSi04)NaF 

4-membered  ring 

6 

Na,La[Si04](0H) 

framework 

8 

KNd9[Si04]60, 

framework 

7,  9 

diortho- 

La2[Si207] 

framework 

7,  8,  9 

[Si207l 

Yb2[Si207] 

6-membered  ring 

6 

Er2[Si307] 

layer 

6 

Gd2[Si207] 

framework 

7 

Eu2[Si207] 

framework 

8 

Nd,[Si,07] 

framework 

8 

Yb3[Si,07] 

framework 

7 

(Y,Th)2  [Si207] 

layer 

6 

Na3Sc  [Si207] 

discrete  polyhedra 

6 

Na6YSc[Si207]2 

discrete  polyhedra 

6 

Na3Y  [Sh07] 

discrete  polyhedra 

6 

K3Eu  [Si207] 

discrete  polyhedra 

6 

triortho 

Y3[Si3O10](OH) 

layer 

7,  8 

[Si3O10] 

K3Y[Si308](OH)2 

discrete  polyhedra 

6 

tetraortho- 

Na4Sc2  [Si4013] 

bicapped  polyhedra 

6 

|Si4Ol3i 

Mixed  ortho- 

Ho4[Si3O10][SiO4] 

ribbon 

8 

and  triortho- 
[SiOJ  & [Si3O10] 

Ring:  [Si4012] 

Four 

K4Sc2[Si4012](0H)2 

column 

6 

Twelve  [Si12036] 

Na5Lu[Si4012] 

discrete  polyhedra 

( Cont’d.) 
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Table  7.10.  (Cont’d.) 


Radical  form 

Representative 
Structure  type 

Rare  eath 
Polyhedra 

Co.  No.  of 
Rare  Earth 
Cations 

Spiral  Chain 

Na3Y  [Si309] 

discrete  polyhedra 

6 

[Si24°72l 

Layers:  from  6,8, 

K8Yb3[Si6016]2 

discrete  and  twinned 

6 

12-  rings  [Si308] 

(OH) 

polyhedra 

- from  4,5,6,8- 

NaNd[Si6013] 

discrete  polyhedra 

7 

rings 

(OH)2;  nH20 

- from  4,6,8- 

Na2Ce[Si6014] 

discrete  polyhedra 

7 

rings  [Si205] 

(OH).n  HtO 

KjNdfSigO^] 

discrete  polyhedra 

6 

Three  Storeyed 

NaNd[Si6014] 

column 

6 

Column  [Si307] 

framework  [Si2Os] 

K2Ce[Si6015] 

discrete  polyhedra 

6 

* Co-No.  = coordination  number 


Orthotetrahedra  (Orthosilicates)-have  a free  oxygen  not  shared  with 
neighboring  [Si-O]  tetrahedra,  but  are  bonded  only  with  the  rare  earth 
cations.  R2[Si04]0  has  two  structure  types:  Eu+22[Si04]  and  Gd2[Si04]0: 
NaR[Si04]  has  three  structure  types,  and  similarly  in  the  apatite  type 
R466[Si04]30  and  KNdy|Si04]60. 

Diortho-group  (Diorthosilicates)-contains  compounds  of  R2[Si207] 
(seven  structure  types) — Y2[Si207],  Sc2[Si207],  Na3R[Si207],  K3R[Si207] 
and  Na6YSc[Si207]. 

Triorthosilicates  are  always  characteristic  of  Y3[Si3O10]  and 
K3Y[Si308](0H)2  (Fig.  7. 8). 154,1551  Likely  triortho  groups  in  the  form  is 
sufficiently  rare  Si-0  radical  and  twice  observed  in  Gd-silicates: 
Na4Gd2[Si3O10P6]  and  Na2Gd3[Si3O10] 

Tetraortho-groups  [Si4013]  as  seen  in  Na4Sc2[Si4013]  is  a linear  radical 
which  extends  to  a series  of  island  radicals  SiO4-Si2O7-Si3O10-Si4O13. 
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Figure  7.8.  Triorthosilicates,  Y3[Si3O10]  and  K3Y[Si308](0H)2.l54J 


Mixed  ortho-  and  triorthogroups  [Si04]  and  [Si3O10]  exist  simulta- 
neously in  HO4[Si3O10]  [Si04] . The  triorthogroups  have  similar  consider- 
ation of  diverse  tetrahedral  anions  as  in  earlier  observed  Ca6[Si04] 
[Si3O10].[58] 

Discrete  4-membered  ring  [Si4012]  with  2/m  symmetry  exists  in 
K4Sc(OH)2  [Si4012]  structure.  Likely  four-membered  rings  with  different 
symmetry  were  found  in  several  compounds  like:  Ba2FeR2Ti-,02 
[Si4012]00H-H20,[55]  Na3CaPSi07,[59]  Ca2R2[Si4O12],[60]  (Ba,K,Na)~ 
(Ti,Nb)9  (O,OH)10  [Si4012]4-nH20,[61J  Ba2(Fe,Ti,Mg)2  (H20)[Si4012],t62] 
KHSi03,[63]  Ba]2Mn6  (OH.O)2  [Si4012]Cl9  (0H,H20)7,[64]  (Na,K)2_x 
(Nb,Ti)  (O.OH)  [Si206]-2H20.[g5]  Ba4Ti4  (Ti,Nb,Fe)4C106  [Si4012].[66]~ 

Discrete  12-membered  ring  [Sip036]  This  was  observed  in  the  structure 
of  Na5Ce[Si4012]  (Fig.  7.9).[67]  The  other  ring  type  [Si12036]  is  found  in 
Ba5FeTi(OFl)4  [Si6018]  J68]  The  rings  in  either  structure  differ  greatly 
from  one  another,  for  example,  the  latter  case  has  higher  symmetry,  and 
the  earlier  case  has  lower  symmetry. 
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Figure  7.9.  Structure  of  Na5Ce[Si4012].[67] 


Spiral  chains  [Si24072]  are  found  in  the  structure  of  Na3Y[Si309].  This 
new  type  of  infinite  spiral  formation  metachain  silicate  [Si12036]  agrees 
with  the  formula  12[Si04]-tetrahedra.  Such  a matachain  silicate  is  shown 
in  (Fig.  7.10).[69] 

Layers  from  6-,  8-  and  12-rings  [Si308]  have  been  reported  in  the 
structure  of  K8Yb3[Si6015]2(0Fl)  (Fig.  7.1 1).[70] 

Layers  from  4-,  5-,  6-,  and  8-membered  rings,  [Si905]  was  found  in  the 
structure  of  NaNd[Si6013](0Fl)2-nFI90  (Fig.  7.12).[71]  This  type  of  layer 
form  as  a result  of  the  condensation  of  the  ribbon  from  the  reflection  of  the 
8-membered  rings.  Layered  radical  from  [SiOJ-tetrahedra  with  such  an 
arrangement  of  the  rings  is  unique  among  silicate  structures. 

Layers  from  4-,  6-,  and  8-membered  rings,  [Si905]  was  observed  in  the 
structure  of  K3Nd[Si6015]  (Fig.  7. 13). 1721  Such  an  arrangement  has  been 
noticed  in  several  other  rare  earth  and  non-rare  earth  silicates.  Usually  the 
layers  are  extended  and  structures  are  highly  distorted. 
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Figure  7.13.  Layers  from  4-,  6-,  and  8-membered  rings,  [Si205]  in  the  structure 
ofK3Nd[Si6015].t72l 


OR 

*Na 


Figure  7.12.  Layers  from  4-,  5-,  6-,  and  8-membered  rings,  [Si205]  in  the 
structure  of NaNd[ Si60 , ,]( OH)2 .nH2 Oj71 ) 
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Triple  columnar  [Si307]  was  demonstrated  in  the  structure  of  NaR[Si6014] 
(Fig.  7. 1 4).|73l  The  structure  is  made  up  of  3-d  network  from  12-mern- 
bered  complexes. 

Framework  [Si2Os]  was  found  in  the  structure  of  K2Ce  [Si6015] 
(Fig.  7.15).F4] 


Figure  7.14.  Triple  columnar  [Si307]  in  the  structure  of  NaR[Si6014].l73l 


Figure  7.15.  Framework  [Si0O5]  in  the  structure  of  K2Ce  [Si6C)15]J741 
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Thus,  a wide  variety  of  Si-0  anionic  motif  forming  unique  layers, 
ribbons,  chains,  rings,  and  framework  is  characteristic  of  only  rare  earth 
silicates.  Such  complex  and  highly  fine  structures  have  been  observed  in 
synthetic  rare  earth  silicates. 

7.5.1  Phase  Formation  in  Surplus  R203 

During  the  synthesis  of  rare  earth  silicates  with  surplus  rare  earth 
elements,  the  structures  of  the  phases  forming  and  their  stability  mainly 
depends  upon  the  characteristics  of  the  rare  earth  motif,  which  is  closely 
related  to  the  ionic  radii  of  the  rare  earth  elements.  The  ionic  radii  of  rare 
earth  elements  vary  from  1.061  A (La)  to  0.848  A (Lu).  The  coordination 
number  also  varies  from  6 to  8.  Similarly,  the  variation  in  the  ionic  radii  of 
the  rare  earth  elements  in  the  structure  is  compensated  by  the  distortion  of 
the  3-d  rare  earth  motif,  so  that  the  structure  type  is  retained  for  the  entire 
rare  earth  series. 

7.5.2  Silicates 

In  Fig.  7.6,  the  fields  of  crystallization  of  various  phases  in  the 
system  Na20-R203-Si02-FL0  are  shown.  In  solutions  with  lower  concen- 
trations of  NaOFI,  the  representative  phase  is  R42/3  [Si04]30.  Moreover, 
their  stability  (Fig.  7.16)  extends  towards  the  lower  rare  earth  elements. 
The  possible  reasons  for  this  is  the  search  of  their  structural  elucidation. 


Cnqoh? 


La  !Ce  Pr  Nd  SmEu  Gd  T b Dy  Ho  Y ErTu  Yb  Lu 


Figure  7.16.  Rare  earth  elements.!35] 
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In  Ref.  75  it  has  been  shown  that  with  a decrease  in  the  values  of 
rare  earth  cations,  the  stability  of  the  R18Si7041  decreases  especially  for 
smaller  elements  (Er-Lu).  If  other  elements  like  Na,  Mn,  Pb,  Ca  and  so  on 
go  into  the  structure,  the  stability  of  the  structures  under  hydrothermal 
conditions  again  rises.  However,  the  stability  of  rare  earth  britolite  deter- 
mined mainly  from  the  position  of  these  other  elements  is  in  the  structures. 

Transition  from  britolite  to  mixed  Na  R-silicates  takes  place 
during  the  complete  destruction  of  cationic  motif  and  with  a change  in  the 
coordination  number  of  rare  earth  elements. 

In  highly  concentrated  aqueous  solutions  NaOH  (<  80%)  (Table 
7.11)  mixed  silicates  like  Na00-R203-2Si02  = Na.  R[Si04]  are  formed 
covering  a significant  paid  of  the  rare  earth  series  from  Pr  to  Ho,  including 
Y.  The  latter  one  is  usually  related  to  the  heavier  (Eu-Lu)  rare  earths  with 
the  coordination  number  7,  since  the  ionic  radius  of  Y is  slightly  higher 
(0.99)  and  it  lies  between  Nd  and  Sm.  This  emphasizes  sufficiently  simple 
means  of  synthesis  of  tetragonal  modification  of  NaY[Si04].  The  field  of 
stability  of  tetragonal  rare  earth  silicates  of  type  Na  R[Si04]  lies  between 
Ho  and  Er.  This  is  the  traditional  boundary  for  the  morphotrophic  series  of 
rare  earth  elements.  Its  existence  is  usually  based  on  the  geometric  repre- 
sentation of  the  stability  of  the  rare  earth  octahedra,  since  the  significant 
part  of  the  R-0  bonding  is  ionic  (~  75%).  However,  under  the  conditions 
of  high  potential  elements  with  lower  values  of  electro-negativity,  as  Na+, 
a better  model  could  be  obtained  giving  the  influence  and  an  overall 
covalent  bonding  in  the  nature  of  R-0  bond.  It  can  be  assumed  that  in  the 
aqueous  solvents,  with  higher  concentration  of  Na+,  the  capability  of 
internal/-orbit  for  hybridization  which  is  for  Er-Lu,  indistinctly  becomes 
closer  to  zero.  Therefore,  the  Eu-Lu  group  in  NaOH  aqueous  solvent 
forms  only  silicates  with  octahedral  coordination  of  the  rare  earth:  Na 
RfSiOJ  and  Na3R[Si207]. 

Reduction  in  the  influence  of/-orbit  at  higher  potential  Na+  can  be 
seen  as  the  possibility  for  the  distortion  of  rare  earth  motif,  particularly 
leading  to  the  decrease  in  the  coordination  number  of  rare  earth  elements 
up  to  6 (trigonal  prism).  In  this  case,  the  rare  earth  polyhedra  form  discrete 
groupings  of  rare  earth  prism.  It  is  emphasized  that  from  the  point  of  view 
the  size  of  the  coordination  number  of  rare  earth  equals  8,  this  group  is 
more  logical  than  the  coordination  number  6. 
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Table  7.11.  Phase  Formation  in  the  System  NajO-RjC^-SiOj-FFO  in  the 
Region  of  Surplus  R203  Depending  upon  the  NaOFl  Concentration  |351 


Rare  Earth  Elements 

CNaOH 

La 

Ce  Pr  Nd 

Sm  Eu 

Gd 

TB  Dy  Ho 

Er 

Tu 

Yb 

Lu 

Y 

Sc 

80% 

A 

G C C 

C 

C 

C 

C 

C C 

F 

F 

F 

F 

C 

G 

80-55% 

A 

G A C 

C 

C 

C 

C 

C C 

E 

E 

E 

E 

H 

H 

55-25% 

A 

A A A+C 

c 

C 

C 

C 

C C 

D 

D 

D 

D 

D 

G 

25-5% 

B 

B B B 

c 

C 

C 

C 

C C 

D 

D 

D 

D 

D 

G 

5% 

B 

B B B 

B 

B 

B 

B 

B B 

B 

B 

B 

B 

B 

H 

A 

- NaRSi04  (Orthorhombic  - 

-I);C- 

NaRSi04  (Tetragonal); 

D- 

NaRSi04  (Orthorombic  II); 

E- 

- Na,Rsi207;  B - britolites  R4  67(Si04)30;  F - 

unknown  phase; 

G- 

experiments  not  carried  out; 

H 

-NaScSi206. 

The  stability  field  of  tetragonal  modification  of  Na  R[Si04]  for 
the  lighter  lanthanides  ends  at  Pr  (Table  7. 1 1),  but  the  La-  representative 
crystallizes  in  a different  structure  type  ‘A’  (orthorhombic  I)  and  its 
boundary  depends  upon  the  concentration  of  NaOH.  For  lighter  rare  earths 
the  characteristic  feature  is  the  significant  contribution  of  /-orbit  that 
changes  the  boundary  corresponding  to  the  participation  of /-orbits  in  the 
R-0  bonding.  With  an  increase  in  the  NaOFl  concentration,  the  coordina- 
tion number  for  Pr  and  Nd  decreases  from  9 to  8,  i.e.,  the  reduction  in  the 
participation  of /-orbits  in  the  bonding.  During  the  transition  of  structure 
type  A (orthorhombic  I).  to  type  B (tetragonal),  the  basic  nature  of  the  rare 
earth  motif,  i.e.,  columns  from  rare  earth  polyhedra,  is  retained. 

In  the  heavier  lanthanide  groups  (Er-Lu),  the  change  in  the  NaOFl 
concentration  does  not  speak  on  the  coordination  number,  but  the  degree 
of  association  of  rare  earth  motif  changes  from  discrete  nature  in  the  group 
Na3R[Si007]  up  to  a highly  associated  nature  in  NaR[Si04]  (orthorhombic 
II).  For  both  of  the  groups,  the  characteristic  feature  is  the  octahedral 
surrounding  for  rare  earth  elements.  Flere,  the  end  members  of  rare  earth 
series  are  well  inscribed  as  [Y06]  and,  therefore,  it  is  easy  to  obtain 
NagYfS/OJ  (analogous  to  Sc-diorthosilicate). 
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7.5.3  Phase  Formation  in  the  Rare  Earth  Silicate  Systems  in  the 

High  Silica  Region 

It  is  well  known  that,  in  the  region  of  surplus  [Si-O] , the  formation 
of  highly  condensed  silicates  can  be  expected.  Until  now,  the  synthesis 
under  such  conditions  was  carried  out  in  pure  water  and  obviously,  the 
higher  the  amount  of  [Si-O]  taken,  the  higher  its  concentration  and  more 
complex  silicates  were  obtained.  However,  the  synthesis  did  not  lead  to 
the  differentiation  of  crystalline  individuals  and,  as  a rule,  resulted  in  the 
formation  of  coarse  crystalline  and  fine  crystalline  masses.  The  action  of 
silicon  in  the  aqueous  solvents  of  salts  and  alkalies  remains  unknown. 
From  the  works  of  Dimitrova,  it  was  found  that  in  alkaline  solutions  and 
surplus  silica  in  the  system,  the  heavier  phases  form.1351 

In  order  to  explain  the  possibility  of  obtaining  silicates  in  the 
form  of  monocrystals  in  high  silica  region,  a series  of  experiments 
have  been  carried  out  by  Dimitrova  (1977)[351  and  the  results  are 
shown  in  Fig.  7.6. 

The  region  in  which  the  crystallization  was  earned  out  lies  in  the 
stability  field  of  quartz.  Therefore,  quartz  exists  in  all  the  experiments.  But 
this  occurs  only  in  case,  when  the  NaOH  concentration  is  < 15%.  As  the 
concentration  of  NaOH  increases,  quartz  disappears  and  there  appeal's  Na 
silicates  and  similarly  the  heavier  phases — amorphous  glassy  substance. 
Under  these  conditions,  the  formation  of  silicates  takes  place  with  the 
complexity  of  the  anionic  motif.  For  the  lighter  rare  earths  Na  R[Si6014] 
forms  and  their  structural  units  consist  of  [SfjOy]^  (O/Si  = 2.33).  With  a 
decrease  in  the  concentration  of  Si,  another  structure  type  having  [Si6015] 
radical,  e.g.,  Na  R Si60 15-2H00  (O/Si  = 2.5)  crystallizes.  With  an  increase 
in  NaOH  concentration  silicates  of  type  Na15R3[Si12036]  are  obtained  with 
Si-0  radicals  made  up  of  12-membered  rings,  [Sip036]  (O/Si  = 3). 

In  the  region  with  high  silica  concentration,  R203  is  insufficient 
for  the  formation  of  complex  3-d  cationic  motif.  When  R0O3:SiO0=  1:4 
and  concentration  of  NaOH  is  5%,  Na  R[Si6014]  type  was  obtained.  In 
this  the  cationic  motif  is  represented  by  rare  earth  chains.  During  the 
increase  in  NaOH  concentration,  rare  earth  chain  silicates  cease  to  form 
with  the  appearance  of  compounds  with  discrete  rare  earth  cations.  In 
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Na15R5[Si12036]  rare  earth  ion  lies  as  isolated  octahedra,  whereas  in 
Na3R[Si6015]-2H90,  the  rare  earth  ion  lies  as  isolated  seven  sided 
polyhedra. 

More  recently,  Haile  et  al.  (1995)t?6]  carried  out  hydrothermal 
investigations  in  the  high  silica  region  of  the  Na90-Y203-Si09  system  and 
obtained  a new  phase — trisodium  yttrium,  Ibmm,  with  a = 10.468,  b = 
15.246,  c = 8.385  A;  Z = 4,  and  n atoms  in  the  asymmetric  unit.  The 
structure  is  unique  in  the  sense  that  silica  tetrahedra  form  isolated  [Si6015] 
rings,  rather  than  layers  as  might  be  expected  from  the  Si:0  = 4.  No 
isomorphs  to  Na3YSi6015  have  been  reported.  Figure  1 Ala  shows  the 
structure  of  Na3YSi6015  as  viewed  along  c-axis.  The  Si04  and  Y06  units 
are  represented  as  polyhedra. 

Similarly,  Haile  et  al.  (1997)t77i  reported  another  phase  rich  in 
sodium,  Na3NdSi6015-2H20,  a layered  silicate  in  the  system  Na20-Nd203- 
Si02  under  hydrothermal  conditions.  Although  this  compound  has  very 
similar  lattice  constants  and  diffraction  symbol  to  data  reported  for 
NaNdSi6013(0H)  2nH90  (special  group  Cmm2)  by  Karpov  et  al  ( 1977), Fh 
the  microprobe  analysis  given  by  Haile  et  al.  (Table  7.12)  shows  the 
composition  substantially  richer  in  Na+.  The  asymmetric  unit  of  the 
structure  contains  22  atomic  sites:  1 Nd,  4 Na  (three  of  which  are  only 
partially  occupied).  Figure  1 Alb  shows  the  structure  of  Na3NdSi60 15-2H90 
viewed  along  a.  The  Si04  and  Nd07  units  are  represented  as  polyhedra. 
Figure  7. 17c  shows  an  isolated  NdO?  polyhedron  viewed  along  a,  and  the 
figure  also  gives  oxygen-oxygen  distances  (A). 

Tuttle  autoclaves  have  been  used  in  the  above  works.  The  solvents 
used  are  either  pure  water  or  a dilute  solution  of  a sodium  base  (0.1M 
NaOH,  Na2C03,  or  NaHF9),  experimental  temperature  was  500  to  600°C, 
and  pressure  was  8.25  x 105  Pa. 

In  systems  containing  Fe3+  and  weak  NaOH  solutions,  aegirine, 
Na  Fe  Si906  type  silicates  were  obtained,  whereas,  in  the  strongly  concen- 
trated NaOH  solutions,  Na15Fe5Si12036  forms.  The  heavier  rare  earth 
elements  (Ho  to  Lu)  follow  Fe+3.  Whereas,  the  lighter  lanthanides  form 
original  structures,  whose  cationic  nature  has  not  been  observed  in  natural 
analogs. 
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2.553(10), 


3.132(9) 


3.543(10)  . 


( '^^3.693(1 1) 
. 3.166(8) 


Figure  7.17.  Structures  of  (a)  Na3YSi6015  as  viewed  along  c-axis,l76l  (b) 
Na3NdSi6015-2H20  viewed  along  a , and  (c)  isolated  NdOv  polyhedron  viewed 
along  ‘a’,  the  figure  also  gives  oxygen-oxygen  distances  (A) . 1 7 1 1 
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Table  7.12.  Results  of  Electron  Microprobe  Analyses  at  Three  Different 
Locations  Within  a Single  Crystal  of  the  Present  Sodium  Neodymium 
Silicate!77! 


The  expected  values  are  those  calculated  for  the  composi- 
tion Na3NdSi6015-2H20,  deduced  from  the  chemical 
analysis  and  the  structure  determination. 


Position 

Na  mol% 

Nd  mol% 

Si  mol% 

Total  wt%  oxides 

1 

10.81 

3.49 

22.40 

94.55 

2 

10.79 

3.50 

22.50 

94.77 

3 

10.74 

3.46 

22.24 

94.19 

Average 

10.78  (4) 

3.48  (2) 

22.4(1) 

94.5  (3) 

Expected 

10.5 

3.5 

21.0 

94.7 

7.6  DEGREE  OF  SILIFICATION 

One  of  the  characteristic  features  of  silicates  is  the  molar  ratio  of 
rare  earth  oxides  and  silicon.  Variation  in  the  value  of  molar  ratio  varies 
within  a wide  range:  from  0.78  for  Na-free  silicate  (apatite-britolite 
structures)  up  to  12  for  compounds  with  highly  condensed  [Si-O]  radicals. 
The  degree  of  silification  (S)  can  be  represented  as  the  ratio  of  Si  atoms  to 
the  sum  of  the  cations: 


s _ KSi 

Eq‘(6)  (n  M++  + m Me++  +....) 

The  degree  of  silification  decreases  with  an  increase  in  NaOH 
concentration.  This  reflects  the  inter-relation  of  cationic  and  anionic  motif 
(crystal  chemical  factor).  It  also  reflects  the  phase  formation,  chemical 
environment,  and  conditions  of  synthesis  (genetical  factors).  In  case  of  the 
lower  concentration  of  NaOH,  the  monocrystals  can  be  obtained  in  the 
presence  of  additional  anions  like  C03,  Cl,  F,  S04,  etc.  Dimitrova  ( 1 977) 177  i 
has  studied  the  degree  of  silification  for  several  rare  earth  silicate 
systems,  and  found  S ~ 3 only  for  one  silicate  and  for  a majority  of  the 
silicates  S < 1 with  a higher  association  of  cationic  motif.  Corresponding 
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to  the  increase  in  the  concentration  of  Si  from  0.27%  to  16.7%  the 
following  phase  changes  have  been  observed: 

Eq.  (7)  R4  2/3  [SiOJjO  ->  Na3R[Si6015]-2H20  -»  Na  R[Si6014] 

S=  0.64  1.5  3.0 

The  other  example  for  silification  of  rare  earth  silicates  in  highly 
concentrated  solution  of  NaOH  (30-45%),  is  the  (Ho-Lu)  series, 

Eq.  (8)  Na  R[Si04]  ->  Na  R[SiO?]  ->  Na15R[Si12036] 

S = 0.5  0.5  0.66 

In  highly  concentrated  solutions,  the  change  in  the  concentration 
of  Si  from  48%  to  60%  does  not  influence  on  the  degree  of  silification.  For 
example,  at  constant  concentration  of  Si  (48%)  and  increase  in  NaOH 
concentration,  the  following  chain  sequence  is  observed: 

i)  For  lighter  lanthanides : 

Eq.  (9)  R4  2/3[Si04]30  Na  R[Si04]  Na2R[Si04].(0H) 

S - " 0.64  0.5  " 0.5 

ii ) For  heavier  lanthanides: 

Eq.  (10)  R4  2/3[Si04]30  -»  Na  R[Si04]  Na3R[Si2Ov] 

S=  0.64  0.5  ' 0.5~ 

For  more  concentrated  solutions,  Si  (>60%)  and  corresponding  NaOH 
concentration,  the  lighter  rare  earths  show  the  following  sequence: 

Eq.  (1 1)  Na3R[Si6015]-2H20  -»  Na  R[Si04]  -»  Na  R[Si04]  (OH) 

S = 3 0.5  0.33 

All  these  phase  transformations  show  that  without  depending 
upon  the  concentration  of  Si,  the  degree  of  silification  of  phases  decreases 
with  an  increase  in  the  NaOH  concentration  in  the  system. 

It  can  be  assumed  that  rare  earth  elements,  having  high  basicity 
(La-Nd)  in  the  process  of  phase  formation,  form  more  associated  rare 
earth  motif  with  a characteristic  3<7bond.[35]  Only  at  higher  concentrations 
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of  Si,  and  in  the  presence  of  carbonate  ions,  less  associated  chains  [RjO^]^ 
as  in  NaRSi6014,  or  discrete  polyhedra  as  in  Na3RSi60 15-2H00,  arc  formed. 


7.7  PROPERTIES  OF  RARE  EARTH  SILICATES 

Rare  earth  silicates  exhibit  very  interesting  electrical  and  optical 
properties,  which  make  these  compounds  unique  in  several  respects.  For 
example,  the  discovery  of  high  ionic  conduction  in  rare  earth  ring  silicates 
has  triggered  an  intensive  search  for  technically  promising  superionic 
conductors.  178H81J  Because  the  popular  /3-alumina  had  several  disadvan- 
tages— like  its  intrinsically  high  anisotropy,  current  and  stress  inhomoge- 
neities— which  degrade  the  mechanical  properties.  In  this  respect,  the  rare 
earth  silicates  containing  alkali  metals  offer  lower  sintering  temperatures 
(1 100°C  compared  to  1600°C  for  /3- alumina),  a wide  chemical  flexibility, 
and  ionic  conductivities  possibly  surpassing,  at  300°C,  that  of  /3-alumina. 
Beyeler  et  al.  (1980)  have  grown  single  crystals  of  Na5YSi4012  using  the 
hydrothermal  method  and  studied  its  directional  ionic  conductivity  in  the 
frequency  range  between  1 kHz  and  50  MHz.  Figure  7.18  shows  the 
Arrhenius  plot  of  Na5YSi4Op  single-crystals. [81]  Subsequently,  several 
others  have  reported  the  high  ionic  conductivity  in  a large  variety  of  rare 
earth  silicates  and  also  proposed  the  conduction  mechanism  as  there  is  a 
close  relationship  existing  between  the  crystal  structure  and  the  proper- 
ties. [49][82]-[S6]  Several  authors  have  reported  ionic  conductivity  in  various 
alkali  rare  earth  silicates. I49k84k87] 

The  ionic  conductivity  is  closely  related  to  the  mixed  framework 
structure.  The  most  important  compound  among  rare  earth  silicates  is 
Na5RSi4012,  wherein,  [Si04]  tetrahedra  are  linked  to  form  [Si12036]  rings 
parallel  to  the  basal  plane  of  the  hexagonal  cell.  Maksimov  et  al.  (1973) 
could  locate  only  48/90  of  the  Na+  atoms  mobile  making  this  compound  a 
good  Na+  ion  conductor.1431  The  discrete  polyhedra  of  metalayers  are 
mainly  responsible  for  ionic  conductivity,  as  in  K3R3(Si6016)90H, 
where  R = Gd,  Hod™]  Excess  rare  earth  elements  lead  to  the  condensation 
of  their  polyhedra  which  gives  low  conductivity  (1(F4  to  10-3  ohm-  cnr 
1 at  300°C). 

The  discrete  nature  polyhedra  in  these  compounds  is  responsible 
for  these  special  properties  like  photoluminescence.  Figure  7.19  shows  the 
photoluminescence  spectra  in  NaY[Si04]  crystals.1881 
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— ► inverse  temperature  (10  5K"') 
Figure  7.18.  Arrhenius  plot  of  Na5YSi4012single-crystals.[8i] 


584  588  592  596  nm 


Figure  7.19.  Photoluminescence  spectra  in  NaY[Si04]  crystals.1881 
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7.8  SODIUM  ZIRCONIUM  SILICATES 

Most  of  the  sodium  zirconium  silicates  belong  to  the  NASICON 
family ,[89H9t]  There  are  over  twenty  known  sodium  zirconium  silicates, 
out  of  which  only  six  are  minerals.  The  sodium  zirconium  silicates  find 
extensive  applications  in  modern  technology,  especially  after  the  discov- 
ery of  unique  properties  in  these  compounds  as  inorganic  adsorbents  used 
in  industry  and  agriculture  and  for  environmental  safety.  Among  the 
inorganic  adsorbents,  zeolites  were  most  popular  initially.  Unfortunately, 
aluminosilicate-based  zeolites  have  one  essential  drawback,  a low  chemi- 
cal stability  in  acid  and  alkaline  media,  which  imposes  certain  restrictions 
on  their  application.  Titanium  silicates,  such  as  Na9TT,Si07-2FF0,[92k93] 
and  Na1TiSi107-2H90,l94]  are  among  a large  family  of  known  titanium 
containing  minerals  and  synthetic  compounds,  and  they  exhibit  most 
promising  selective  ion  exchange  properties  suitable  for  highly  alkaline 
nuclear  waste  remediation.  Clearfield  and  his  group  have  found  that  the 
reason  for  the  unique  behavior  of  crystalline  titanium  silicates  is  con- 
nected with  the  correspondence  of  the  geometrical  parameters  of  their 
adsorption  sites  (channels,  cavities)  to  the  size  of  the  selectively  adsorbed 
Cs+  or  Sr+  ions.193119511961  By  analogy,  the  other  polyvalent  metal  sili- 
cates— for  example,  zirconium  silicates — might  be  as  fruitful  in  yielding 
the  desired  exchangers  as  was  the  case  for  titanium  silicates.  Moreover, 
zirconium  silicates  occur  widely  in  nature,  and  their  formation  under 
hydrothermal  conditions  (in  a wide  range  of  temperatures  from  300  to 
550°C)  has  been  given  considerable  attention  to  solve  some  of  the  general 
geophysical  and  mineralogical  problems.  It  is  reasonable  to  expect  that 
some  of  these  compounds,  due  to  the  presence  of  ion-exchange  functional 
groups,  as  well  as  the  existence  in  their  structure  of  well-defined  channels 
and  cavities,  could  exhibit  interesting  ion-exchange  properties,  viz. 
high  selectivity  to  certain  ions  and  molecules.  Unfortunately,  the  ion- 
exchange  behavior  of  such  zirconium  silicates  has  not  been  studied  in 
detail  yet. 

Na90-Zr09-Si09-H20  system  has  been  studied  over  a wide  range 
of  the  initial  component  ratios,  Zr09/Ge02  = 3: 1-1:9  (mole);  NaOH 
concentration  0-50wt%,  temperature  300-600°C,  pressure  40-300  MPa 
by  several  workers 497]_[100]  The  phase  composition  of  zirconium  silicates 
formed  in  Na-containing  media  is  shown  in  Fig.  7.20  and  the  crystalliza- 
tion field  is  shown  in  Fig.  7.21.  The  analysis  of  the  products  of  hydrother- 
mal synthesis  and  x-ray  data  allows  one  to  refine  the  composition  of  some 
phases.  Thus,  the  phase  earlier  described  as  Na14Zr2Si10O31  based  on  the 
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data  of  chemical  analysis  ["k100!  has,  in  fact,  the  composition  Na8ZrSi6018. 
Its  structure  is  analogous  to  Na8SnSi6018.  [101]Na6Zr2Si3O15  (composition 
based  on  the  data  of  the  chemical  analysis)1102!  has  the  same  structure  as 
the  synthetic  germanate  Na,HZrGc,Os  (see  Table  7.13). 

The  general  scheme  of  zirconium  silicate  crystallization  in  hydro- 
thermal  solution  with  an  increase  in  alkali  concentration  and  temperature 
is  shown  in  Fig.  7.22. 


I , 1 — ; 1 ■ 

0 to  ZO  30  40  50 

wt.% 


A - ZrS%04,  NagZrSizOg- Hz0, 
Na4Zr2Sis0  ts'H20i 
B - NagZrSizQ7,  Na4Zr2Si30 12: 
C - ZrS%04,  N asZ'rSisO 9 - H20, 
NtXgZrS\s01s’  3H20; 

D - A 7aaZrSUOta,  NasZrSi207, 
NazZ  rS%s  0 9 • ZHz  0; 

II  - N o,8ZrS\60  fa; 

III  - NcL3HZrSi208 


Figure  7.20.  Phase  composition  of  zirconium  silicates  formed  in  Na-containing 
media.  I97! 
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ZrOg 


1 - Na 2ZrSie  0I5-  3HS  0 ; 

2 - NazZrSi<0 , 

3 — No^ZrSisO:)  ■ 2HsO; 

4 — NclzZtS\30$  ■ 3HZ0; 

5 - Na4Z,rz5ie0u1'4Hii0; 

6 — Na^Zr-jSisOte; 

7 - NazZrSi207; 

8 - Na4ZrsSis0ii; 

3 - No,zZrSiOs; 

10-  Na:dIZrSizOa 

11  — 12  — NfXs-xHxZrSieQ  m 


Figure  7.21.  Crystallization  field  in  NaT0-Zr02-Si02  system.[97] 
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Table  7.13.  New  Silicates  of  Zirconium!97] 


Compound 

Unit  cell  parameters 

Space 

a,  A 

b,  A 

c,  A 

group 

Na8ZrSi6018 

7.371 

0=88.34° 

— 

— 

R3m 

Na8SnSi6018 

7.344 

0=87.82° 

— 

— 

R3m 

Na2HZrSi,08 

9.036 

0=87.74° 

6.953 

/3=89.75 

5.558 

P89.16 

12/rn 

— > denotes  the  transitions  with  the  temperature  rise, 

denotes  paragenesis,  dashed  lines  denotes  natural  paragenesis, 
N = Na20,  Z = Zr02,  S = Si02  and  H = H20. 


Figure  7.22.  Scheme  of  zirconium  silicate  crystallization.  197] 
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Analogs  of  zirconium  mineral  (zircon,  elpidite,  vlasovite, 
catapleite,  parakeldyshite)  and  Na4Zn,Si5016-H20  silicate  (still  not  ob- 
served in  nature)  are  formed  in  the  region  of  solutions  with  the  lowest 
concentrations.  In  highly  concentrated  solutions,  the  silicates  with  the 
lowest  silicon  content  are  crystallized:  Na4Zr2Si3Op  and  Na2ZrSi05.  This 
system  illustrates  the  role  of  the  solvent  in  the  formation  of  crystal  phases. 
With  an  increase  in  the  NaOH  concentration  the  process  of  the  formation 
of  alkali-zirconium  silicates  proceeds  with  the  depolymerization  of  the  Si- 
O radicals:  infinite  [Si6015]  chains  in  elpidite  =>  infinite  [Si4Ou]  chains  in 
vlasovite  =>  island  [Si309]  rings  in  catapleite  =>  [Si007]  diorthogroups  in 
parakeldyshite  =>  [Si04]  orthogroups  in  the  synthetic  Na4Zr0Si5016  and 
Na3HZrSk08  phases.  Barth  et  al.  (1988)  studied  the  structure  and  ionic 
conduction  in  Na4ZrSi3O10J103]  belonging  to  the  NASICON  family.  Fig- 
ure 7.23  shows  part  of  the  system  Na20-Zr0-,-Si02-P205.  Na4ZrSi3O10 
has  been  characterized  as  a monoclinic  compound  with  lattice  parameters 
which  are  quite  similar  to  the  monoclinic  low  temperature  modification  of 
NASICON. 


Figure  7.23.  Part  of  the  system  Na20-Zr02-Si02-P205.[97] 
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In  recent  years  there  has  been  a general  trend  to  synthesize  these 
zirconium  silicates  under  lower  pressure  temperature  conditions  Yong 
and  Wenqin  (1990,  1991)  studied  this  system  and  obtained  Na4Zr2(Si04)3 
at  290-300°C  and  further  reduced  temperature  conditions  (250°C)  using 
ZrOCl2,  Na9Si03  and  NaOH  solution)104!  I 105 1 and  the  hydrothermal  chemi- 
cal reaction  is  given  below: 

Eq.  (12)  2ZrOCl2  + 3Na2Si03  + 2NaOH  -4  Na4Zr2(Si04)3  + 4NaCl  + H20 

Clearfield  and  co-workers  have  obtained  a series  of  zirconium 
silicates  under  mild  hydrothermal  conditions  ( 1 80-1 90°C)  and  studied  the 
influence  of  the  type  of  silicon-containing  reagent,  the  molar  ratio,  and 
concentrations  of  reagents  in  the  reaction  mixture  on  the  yield  of  resultant 
products. [95][96][t06]  These  authors  have  studied  the  formation  of  several 
different  sodium  zirconium  silicate  phases  in  the  systems:  i)  Zr(OC3H7)4- 
silicic  acid-NaOH-H-,0;  ii)  Zr(OC3H7)4-silicon-containing  reagent- 
Na0H(4M)-H20  under  mild  hydrothermal  conditions  (T  = 180-190°C, 
pressure  generated  from  50%  fill).  These  studies  have  yielded  several 
novel  sodium  zirconium  silicates.  According  to  these  authors,  the 
predominant  phase  is  hydrated  sodium  zirconium  silicates  in  this  system 
in  contrast  to  mainly  anhydrous  SZS  (Na2-ZrSi05,  Na9ZrSi207, 
Na4Zr2Si3012,  etc.)  while  carrying  out  the  reactions  at  much  higher 
temperatures  (300-550°C))97]  This  suggests  that  a relatively  low  tem- 
perature of  hydrothermal  synthesis  could  be  one  of  the  factors  favorable 
for  the  preparation  of  hydrated  zirconium  silicates,  possessing  the  ability 
for  ion  exchange.  Then,  the  second  controlling  factor,  giving  a certain 
diversity  of  compounds,  is  the  type  of  the  initial  silicon-containing  re- 
agent. The  comparison  shows  that  in  a wide  range  of  Si:Zr  ratios  (2-5:1) 
used  in  the  systems  Zr(0C3H7)4-Na2Si307 - NaOH-H90  and  Zr(OC3H7)4  - 
Na2Si03  - NaOH-H20,  the  main  product  is  Na4Zr2Si5016H20.  No  forma- 
tion of  Na2ZrSi309-2H20  or  the  novel  12.8  A phase  was  found.  The 
second  feature  is  the  formation  of  Na4ZrSi3O10  (as  admixture  or  main 
phase)  even  at  a Si:Zr  ratio  of  1:1,  which  was  not  observed  when  silicic 
acid  as  the  silicon  containing  reagent  was  used. 

The  hydrothermally  grown  crystals  of  the  sodium  zirconium  sili- 
cates have  a broad  size  range  (from  0.2  to  25  mm)  and  an  irregular  form. 
The  lack  of  a clearly  defined  morphology  correlates  with  a low  crystallin- 
ity of  the  compound. 
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A majority  of  the  works  on  the  synthesis  of  alkali  zirconium 
silicates  suggest  that  all  of  them  are  layered  compounds.  Thermal  and 
chemical  stability,  different  Zr/Si  molar  ratio,  and  intercalation  ability 
suggest  that  these  compounds  could  be  promising  for  pillaring  with 
inorganic  and  organic  species  for  synthesis  of  new  functionally  designed 
and  tailored  catalysts,  and  support  for  catalyst  and  adsorbents.  High 
affinity  for  some  transition  and  toxic  heavy  metals  makes  sodium  zirco- 
nium silicates  attractive  for  high-level  purification  of  certain  technologi- 
cal solutions  and  wastes  containing  these  elements. 


7.9  GROWTH  OF  SELECTED  SILICATES 

It  would  be  extremely  difficult  to  describe  the  growth  of  all  the 
silicates  under  hydrothermal  conditions  as  there  have  been  a great  number 
of  publications  in  this  field  since  the  1850s.  Therefore,  we  only  discuss  the 
synthesis  of  some  selected  silicates  with  an  emphasis  on  the  current  trends 
in  the  growth  of  silicate  crystals. 

The  first  work  on  silicates  on  the  whole  by  hydrothermal  method 
was  earned  out  by  Wohler  (1848).[107]  Followed  by  this,  several  other 
silicate  minerals  were  synthesized  during  the  19th  century.  Allen  et  al. 
(1906)  carried  out  a systematic  investigation  of  the  hydrothermal  synthe- 
sis of  several  pyroxene  and  amphibole  group  of  minerals.1 1081  For  ex- 
ample, these  authors  quote  an  experiment  of  the  synthesis  of  amphibole  at 
low  temperatures  by  Chroustschoff,  who  obtained  hornblende  in  which  a 
mixture  of  silicic  acid,  alumina,  lime,  magnesia,  ferrous  and  ferric  oxides, 
and  the  alkalies,  partly  in  solution  partly  precipitated  were  heated  in  sealed 
glass  vessels  at  a temperature  of  550°C  for  three  months.  The  results  of 
these  experiments  were  used  to  explain  the  geological  relations.  Later, 
Morey  and  Niggli  (1913)  published  an  exhaustive  review  on  the  hydro- 
thermal  formation  of  silicates,  giving  a complete  list  of  silicates  obtained 
till  that  time,  and  all  the  important  publications  were  included.1 1(W|  Figure 
7.24  shows  the  equilibrium  diagram  of  the  system  diopside-anorthite  at 
pressure  1 bar,  and  it  was  studied  by  Bowen  (1915).  Soon  after  this,  Morey, 
supported  by  Fenner  (1917),  published  a systematic  investigation  of  the 
ternary  system  H20-K2Si03-Si02  11101  Here,  for  the  first  time,  studies 
were  carried  out  in  a systematic  fashion  with  the  temperature  carefully 
controlled  and  measured  and  the  pressure  held  constant  throughout  the 
experiment.  Figure  2.6  shows  the  isothermal  polybaric  saturation  curves 


468  Handbook  of  Hydrothermal  Technology 


and  the  isobaric  polythermal  saturation  curve  at  1 atm  pressure  of  H,0 
vapor.  This  marked  the  beginning  of  the  phase  equilibria  studies  in  the 
silicate  system  and,  followed  by  this,  several  other  important  publications 
came  out  especially  from  the  Geophysical  Laboratory  in  Washington, 
pertaining  to  the  silicate  systems.  In  fact,  Bowen  developed  his  famous 
petrologic  ideas  based  on  these  phase  equilibrium  data.!111!  One  of  the 
most  important  phase  equilibrium  data  among  the  silicate  systems  is  for 
the  system  Mg0-Si02-H90  given  by  Bowen  and  Tuttle  (1949)d112l  This 
work,  in  many  respects,  laid  the  foundation  for  much  of  the  subsequent 
work  on  silicate  systems.  In  this  work,  the  authors  describe  the  change  of 
assemblages  with  temperature  and  also  show  the  effect  of  pressure  on  the 
temperatures  involved.  Figure  7.25  shows  the  pressure-temperature  curves 
of  univariant  equilibrium  in  the  system  Mg0-Si02-H10J121Hi24]  There 
are  quite  a large  number  of  such  silicate  systems  reported  in  the  literature, 
contributing  to  the  understanding  of  complex  geological  processes.  Some 
of  the  systems  like  Al203-Si02-H20jn3H'i5]  Ca0-Si02-H20,[1I6HH9] 
SrO-SiO2-H2O,l120l  Mg0-Al205-Si02-H20,[121Hi24]  and  alkali-Al203- 
Si02-H~,0!125F[128]  are  noteworthy  to  mention  here,  as  they  provide  a vast 
amount  of  information  on  the  understanding  of  the  natural  geological 
processes  leading  to  the  formation  of  various  rocks  and  minerals. 


Figure  7.24.  Equilibrium  diagram  of  the  system  diopside-anorthite  at  pressure  1 
bar.  Bowen,  N.  L.,  The  Crystallization  of  Haplobasaltic,  Haplodioritic,  and 
Related  Magmas,  Am.  J.  Sci.,  40:161-185  (1915). 
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Figure  7.25.  Pressure-temperature  curves  of  univariant  equilibrium  in  the  system 
Mg0-Si02-H20.[i23] 


We  give  here  some  of  the  earliest  works  on  the  synthesis  of 
various  silicates  in  general,  before  going  into  the  systematic  synthesis  of 
selected  silicates  with  device  potential,  gemstones,  and  of  general  interest. 

Felspars:  The  high-temperature  varieties  of  felspars  have  been 
successfully  prepared  by  the  end  of  the  19th  century.  Flowever,  the  com- 
plexities in  their  forms  and  intergrowth  were  realized  only  during  the  1950s. 

Several  hydrous  and  anhydrous  aluminosilicates  have  been  syn- 
thesized for  the  past  150  years  using  hydrothermal  technique.  Among 
these,  the  dense  anhydrous  alumino-silicates  carried  a great  significance 
because  of  their  role  in  natural  metamorphic  processes.  Though  several 
minerals — like  garnets,  sillimanite,  analusite,  kyamte,  and  epidotes — 
have  been  synthesized  using  hydrothermal  method,  no  reproducible  syn- 
thesis of  these  minerals  was  achieved  before  the  work  of  Coes  (1953),[1291 
whose  works  are  briefly  described  here  for  the  benefit  of  the  readers  in 
Table  7.14J117] 
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Table  7.14.  Early  Hydrothermal  Synthesis  of  Various  Dense  Anhydrous 
Aluminosilicates  (Coes,  1953)[1291 


Silicate 

Starting  Material 

Pressure 

Temp.  °C 

Jadeite 

Sodium  sulphate. 
Kaolin  + silica 

+ 20,000  kg/cm4 

900 

NaCr(Si03)2 

Sodium  dichroumate 
+ Silica 

20,000  kg/cm2 

900 

Andalusite 

Kaolin  + Sodium  salts 

20,000  to  30,000 
kg/cm2 

600-900 

Kyanite 

alumina  + silica 

20,000  to  40,000 
kg/cm2 

600-900 

Sillimanite 

Topaz 

Kaolin  + fluorides 

Kaolin  + fluorides, 
but  higher  fluoride 
contents  or  Kaoline 
+ NH4HF2 

20,000  to  30,000 
kg/cm2 

600-900 

Epidote  & 
zoisite 

Garnet: 

hydrated  calcium  & 
iron  nitrates,  hydrated 
alumina  & silica 

20,000  kg/cm2 

800 

grossularite 

15,000  kg/cm2 

600-800 

andradite 

20,000  kg/cm2 

600-800 

almandine 

20,000  kg/cm2 

600-900 

pyrope 

30,000  kg/cm2 

900 

Mg3Fe2(Si04)3 

30,000  kg/cm2 

900 

Mn3Fe2(Si04)3 

20,000  kg/cm2 

800 

Fe3Fe2(Si04)3 

20,000  kg/cm2 

800 

Mg3Cr2(Si04)3 

20,000  kg/cm2 

800 

The  other  important  minerals  synthesized  during  the  19th  century 
by  hydrothermal  method  are  staurolite,  chloritoid,  beryl,  vesuvianite, 
lanosonite,  bertrandite,  lowsonite,  bertrandite,  low  temperature  forms  of 
the  lithium  aluminosilicates,  spodumene,  eucryptite,  petalite,  micas,  clays, 
tourmaline,  uranium  minerals,  and  so  on.  Therefore,  we  describe  the 
synthesis  of  only  some  technologically  important  silicates  under  hydro- 
thermal  conditions. 
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7.9.1  Bismuth  Silicate,  Bi12SiO20 

Bismuth  silicate,  BipSiO20  (BSO)  is  of  considerable  interest  for 
optical  signal  processing.  It  is  popular  as  a photorefracting  crystal.  The 
photorefractive  effect  can  be  described  as  a combination  of  the  photocon- 
ductive  and  the  electro-optic  effects  used  in  a variety  of  applications  like 
nonlinear-  mixing  including  active  spatial  filtering  phase  conjugation  by 
way  of  degenerating  four-wave  mixing  optical  processing  devices  such  as 
optical  oscillators,  and  as  a technique  useful  for  nondestructive  materials 
analysis.  Litvin  (1964)  has  studied  the  system  Na20-BL03-Si0i-FF,0 
under  hydrothermal  conditions:  T = 350-450°C,  P = 400-500  atm  in 
NaOH  solution  up  to  40wt%4l3°] 

Figure  7.26  shows  the  fields  of  crystallization  of  bismuth  silicates 
in  the  system  Na90-Bi103-Si02-H00.  The  following  phases  have  been 
obtained:  a-Bi203  (bismite),  Bf,SiO20  (sillenite)  and  Bi4Si3Op  (eulytite). 
Bi2SiO20  crystallizes  under  hydrothermal  conditions  in  NaOFl  ( 1-60  wt%) 
and  KOFI  (1-40  wt%)  solutions  and  350  atm  pressured131]  Whereas, 
eulytite  crystallizes  with  NaOFl  (21wt%),  and  it  does  not  depend  on  the 
ratio  of  the  starting  components  (Bi903  + Si02).  It  recrystallizes  well  at 
380°C.  Flowever,  the  variation  in  the  ratio  of  the  starting  components 
(Bi-,03  + SiO,)  restricts  the  field  of  crystallization  of  BipSiO20  on  one 
hand  and  the  appearance  of  a-Bi003  on  the  other  hand.  The  process  of 
formation  of  Bi  12SiO20  is  very  sensitive  to  the  existence  of  hydrogen. 
Surplus  hydrogen  leads  to  the  establishment  of  Bil2SiO20  — > Bi  metal 
transformation.  The  hydrothermal  synthesis  of  bismuth  silicates  can  be 
earned  out  in  silver,  platinum,  copper,  or  titanium  liners.  In  fact,  Bi-,03 
and  Si00  reactions  occur  more  rapidly  than  for  other  silicate  systems,  so 
that  the  entire  reaction  completes  within  two  days. 

BSO  crystals  are  usually  grown  using  Czechrolskii  and  hydro- 
thermal  methods.  Although  commercially  available  crystals  of  BSO  grown 
by  melt  techniques  are  sufficiently  of  good  quality  for  most  applications; 
they  have  limitations  in  optical  uniformity  and  reproducibility  of  photo- 
refractive  properties.  Variations  in  the  process  control  environment,  i.e., 
temperature,  growth  rate,  ambient  atmosphere,  rotation  rates,  and  anneal- 
ing, can  affect  segregation  of  dopants  and  defects  in  the  melt  growth 
environment.  Fligh-temperature  solution  growth  by  the  hydrothermal 
process  is  capable  of  producing  multiple  crystals  of  large  size  and  identi- 
cal consistency  while  requiring  only  a stable  temperature  control  system 
once  the  internal  environmental  conditions  have  been  established.1132]  The 


472  Handbook  of  Hydrothermal  Technology 


Cz-grown  crystals  have  higher  trap  density,  whereas  the  hydrothermally- 
grown  crystals  have  lower  trap  density.  The  hydrothermally-grown  crys- 
tals are  free  of  the  typical  structural  defects  encountered  in  commercial 
material,  i.e.,  veils,  bubbles,  precipitates,  and  other  strain  producing 
phenomena.  BSO  crystals  show  yellow  coloration.  The  doping  studies  on 
both  Cz-grown  and  hydrothermally-grown  material  indicate  that  Al,  Ga, 
Cr,  Mn,  and  V are  effective  in  altering  absorption  at  different  wave- 
lengths. Hams  et  al.  (1992)  obtained  low-defect  colorless  BSO  crystals 
under  hydrothermal  conditions  using  a noble  metal  liner. t133^  Figure  7.27 
shows  two  crystals  resulting  from  one  run  still  mounted  on  the  silver  seed 
holder  and  the  baffle.  They  have  used  1.5x10x10  mm3  seeds  taken  from 
a Cz-grown  crystal^100]  Centimeter-size  pieces  of  Cz-grown  BSO  crystals 
were  used  as  the  nutrient.  The  liner  was  filled  with  4N  NaOH  solution  and 
the  external  void  was  filled  with  a sodium- silicate  pressure-balancing 
solution.  The  following  were  the  experimental  conditions: 

Dissolution  temperature  - 390°C 
Crystallization  temperature  - 385°C 
ATemperature  - 5°C 
Pressure  - 6000  to  12,000  psi. 

Growth  duration  - 30  to  40  days 
Growth  rate  - 0. 1 to  0.3  mm/day 


Figure  7.26.  Fields  of  crystallization  of  bismuth  silicates  in  the  system  Na20- 
Bi203-Si02-H20.U3i] 
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Figure  7.27.  Two  crystals  resulting  from  one  run  still  mounted  on  the  silver  seed 
holder  and  the  baffle.1133] 

Little  or  no  growth  occurred  at  NaOH  normalities  less  than  4N  or 
nutrient  zone  temperatures  less  than  390°C.  Excessive,  unoriented  growth 
on  seeds  and  spontaneous  nucleation  on  the  walls  of  the  liner  occurred 
with  normalities  above  5°C.  Experiments  using  Czechrolski-grown  nutri- 
ent produced  better  crystals.  Limited  experimental  data  indicates  that  the 
preferred  growth  orientation  is  [100].  Most  of  the  crystals  were  colorless 
in  contrast  to  the  straw  color  of  Czechrolski  crystals.  Some  were  pale 
green,  perhaps  as  a result  of  minor  leaks  in  the  platinum  liner.  [1341  Figure 
7.28  shows  the  absorption  spectra  of  various  BSO  samples.  The  solid  curves 
represent  the  absorption  spectra  taken  at  10  K of  a hydrothermally  grown 
sample  with  those  of  the  Cz-grown  undoped  and  Al-doped  samples.  The 
deep-donor  absorption  shoulder  is  present  in  the  curve  for  the  undoped-Cz 
sample.  The  dashed  curves  represent  the  spectra  taken  on  the  three  samples 
after  they  were  exposed  to  intense  monochromatic  light  (0.2  mw/cm2) 
for  1 hr  at  10  K;  3 and  3.3  eV  lights  were  used  for  the  undoped  and  Al- 
doped  Cz  samples,  respectively.  The  additional  photochromic  absoiption 
in  the  undoped  and  Al-doped  Cz-BSO  samples  is  caused  by  the  transfer 
of  electrons  to  as  yet  unidentified  traps.  The  hydrothermally  grown  BSO 
crystals  do  not  produce  any  photochromic  absorption.  Exposing  them 
at  10  K to  3.3-3.45  eV  light  causes  readily  visible  blue  luminescence 
but  no  additional  absoiption  bands  are  produced.  Harris  et  al.  (1994) 
reported  the  absorption  coefficients  of  BSO  crystals  doped  with  V,  Cr, 
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Mn,  and  so  on. I135]  They  conclude  that  the  hydrothermal  material  shows 
special  promise  for  optical  “tailoring.”  since  the  native  Czechrolski  defect 
is  absent  and  photo-conductive  sites  and  traps  may  be  introduced  by 
doping  without  interference  from  this  defection.  Leigh  et  al.  (1994) 
reported  the  characterization  of  Czechrolski  and  hydrothermally  grown 
BSO  crystals.!136]  They  have  observed  significantly  smaller  optically-  and 
thermally-induced  conductivities  in  the  hydrothermal  material.  A lower 
defect  content  also  appears  to  inhibit  the  conduction  processes  for  the 
hydrothermal  material  in  terms  of  missing  traps  responsible  for  a hopping 
conduction  process.  Slightly  higher  concentrations  of  Fe  and  V were 
found  in  the  hydrothermal  material  but  these  impurities  do  not  affect  the 
color  or  contribute  to  a 500  nm  absorption  in  this  material.  Flowever,  an 
equivalent  concentration  of  these  impurities  in  the  Cz-grown  material 
from  a hydrothermal  charge  does  affect  both  the  absorption  and  the  TSC 
results.  Thus,  the  near-intrinsic  BSO  can  be  prepared  using  hydrothermal 
growth  techniques. 
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Figure  7.28.  Absorption  spectra  of  various  BSO  samples. P35] 
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There  are  several  other  reports  dealing  with  the  study  of  phase 
formations  in  related  systems  giving  compounds  isostructural  to  BSO.  For 
example,  Surnina  and  Litvin  (1970)  have  studied  the  phase  formation  in 
the  system  Na20-Me203-Bi203-FL0  (Me  = Al,  Ga,  In)  under  hydrother- 
mal conditions.11371  Abrahams  et  al.  (1967)  obtained  Bi12GeCf,0  crystals, 
germanium  sillenite,  which  exhibit  similar  properties.!138]  The  other  com- 
monly used  cations  substituting  for  Si  are  Al,  Ga,  Fe,  Ge,  and  Ti. 

7.9.2  Beryl,  Be3Al2(Si03)6 

Beryl  is  one  of  the  most  common  minerals  of  hydrothermal  origin. 
It  occurs  as  well-developed  crystals  of  large  size.  In  fact,  beryl  is  the 
largest  crystal  produced  by  nature  and  is  commonly  found  in  pegmatites. 
It  is  one  of  the  most  important  gemstones.  The  presence  of  a little  Cr+3 
gives  a green  color  and  it  is  known  as  emerald.  The  bluish  green  variety  is 
known  as  aquamarine.  The  greenish/yellow  to  iron-yellow  and  honey- 
yellow  are  called  golden  beryl.  The  rose  colored  variety  is  called morgan- 
ite  or  vorobyevite.  The  alkali  elements  like  Na+,  Li+,  and  Cs+  are  some- 
times present  replacing  the  beryllium  from  0.25  to  5 %. 

Artificial  growth  of  beryl  crystals  began  in  the  19lh  century. 
Flautefeuille  and  Pcrrcy  (1888)  were  the  first  ones  to  synthesize  beryl 
crystals.!139]  Espig  (1935)  studied  the  crystal  structure  of  beryl.!140!  Rogers 
and  Sperisen  (1942)  prepared  beryl  crystals  by  the  hydrothermal  tech- 
nique.!1411 Wyart  and  Scavnicar  (1957)  synthesized  beryl  crystals  by  the 
hydrothermal  technique  using  NaFIC03  solvents. 11421  Nassau  (1976)  has 
grown  large  crystals  of  beryl  by  the  hydrothermal  method. 11431  Beryl, 
Be3Al2Si6018,  is  found  with  a variety  of  impurity  cations  leading  to  its 
well-known  beautiful  colors  and  its  favorable  use  as  a gemstone.  Probably 
the  best  work  on  hydrothermal  growth  of  emerald  was  by  Nacken.11441  Fie 
made  large  numbers  of  synthetic  emeralds,  using  a trace  of  chromium  to 
produce  the  color.  Flexagonal  prisms  weighing  about  0.2  gm  were  grown 
in  a few  days.  Nassau  (1976)  and  Flosaka  (1990)  reviewed  the  hydrother- 
mal growth  of  emerald.11431  Johann  Lechleitner  of  Innsbruck,  Austria, 
released  the  first  and  not  completely  satisfactory  product  into  the  market 
during  1960. 11451-11471  Fie  used  faceted  beryl  gemstones  as  the  seed  and 
grew  a thin  layer  of  hydrothermal  emerald  on  the  surface,  which  was 
subsequently  given  a light  polish  (not  necessarily  on  all  faces).  Such 
stones  were  marketed  for  a short  time  under  the  names  Emerita  and 
Symerald.  Since  the  green  skin  was  quite  thin,  the  color  of  these  emeralds 
was  not  intense,  and  the  skin  could  be  readily  viewed  by  immersion  of  the 
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stone  in  a liquid.  Lechleitner  emerald  can  be  synthesized  under  the 
following  conditions: 

Growth  temperature  - 300-400°C 
Pressure  - 1020  kg/cm2 
Solvent  - a weak  alkaline  solution 

Nutrient  - silica  (Si02),  alumina  (A1203),  beryllium  oxide  (BeO) 

The  first  completely  synthetic  hydrothermal  emerald  was  put  on  the 
market  by  the  Linde  Division,  Union  Carbide  Corp.  in  1965.  Figure  7.29 
shows  the  emeralds  grown  hydrothermally  by  the  Linde  Co. ; and  the  size 
of  the  crystal  is  50  x 22  x 6 mm. 


Figure  7.29.  Emeralds  grown  hydrothermally  by  the  Linde  Co.;  the  size  of  the 
crystal  is  50  x 22  x 6 mm.U44] 


The  first  patent  on  beryl  revealed  that  it  could  be  grown  in  a 
neutral  to  alkali  medium  (pH  of  7 to  12.5)  using  mineralizers  such  as  alkali 
or  ammonium  halides  (e.g.,  NH4F  + NH4OH  or  KF)  and  that  Fe,  Ni,  or  Nd 
could  be  used  as  dopants.[148lThe  second  patent  dealt  with  the  analogous 
growth  of  beryl  in  an  acid  medium  (pH  of  0.2  to  4.5),  using  similar  halide 
mineralizers  but  with  an  acid  reaction  (e.g.,  8N  NH4C1)  or  with  extra  acid 
added.1 14<J|Typical  emerald  growth  conditions  included  pressures  of  10,000 
to  20,000  psi  at  temperatures  of  500°C  to  600°C  resulting  from  a 62%  fill. 
Small  temperature  gradients  of  10  to  25  °C  were  employed.  The  A1  was 
supplied  from  gibbsite  Al(OH)3,  Be  from  Be(OH)0,  Si  from  crushed 
crystals  of  quartz  and  Cr  from  CrCl3.6H20.  Growth  rates  as  high  as  1/3 
mm  per  day  could  be  attained.  The  pressure  vessel  was  lined  with  gold. 
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Yancy  (1973)  could  attain  a growth  rate  of  0.8  mm/day  using  the  above 
experimental  conditions. 05°]  Figure  7.30  shows  the  schematic  diagram  for 
hydrothermal  growth  of  emeralds  (after  Nassau,  1976)4I43]  In  1971, 
Vacuum  Ventures  Inc.  bought  the  installation  from  Linde  and  supplied 
synthetic  emerald  using  the  trade  name  “Regency  emerald.”  Regency 
emerald  has  the  same  inclusions  as  Linde  emerald,  and  growth  conditions 
of  Regency  emerald  are  considered  to  be  identical  to  those  of  Linde 
emerald.1 151  Chlorine  was  detected  in  hydrothermally  grown  Regency 
and  Linde  emerald.1 15211 1531  It  seems  that  chlorine  must  have  been  derived 
either  from  chromium  chloride  (CrCl3)  added  as  a coloring  agent  or  from 
HC1  added  for  increasing  the  acid  content  in  the  growth  solution.  Figure 
7.31  shows  the  as-grown  crystal  of  Regency  emerald.1 151 1 The  crystal  size 
is  14  x 8 x 6 mm.  The  seed  is  colorless  but  is  green  at  the  upper  growth 
layer.  The  green  emerald  layer  has  a thickness  three  to  four  times  that  of 
the  seed. 
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Figure  7.30.  Schematic  diagram  for  hydrothermal  growth  of  emeralds  (after 
Nassau,  1976).t143] 
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Figure  7.31.  As-grown  crystal  of  Regency  emerald. I isi] 
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The  study  of  Biron  synthetic  emerald  began  in  Western  Australia 
during  1 977. 1 1541  In  1985,  commercial  stones  were  synthesized  and  sold 
through  the  Perth  Lapidary  Center  under  the  trade  name  “Biron.”  Biron 
Mineral  (Pvt)  Ltd.  is,  at  present,  known  as  the  Emerald  Pool  Mining 
Company  (Pvt)  Ltd.1 1551  The  growth  conditions  remain  unknown.  Chlo- 
rine, chromium,  and  vanadium  have  been  detected  in  these  crystals. [154L 
11561  Infrared  absoiption  spectrometry  has  revealed  the  presence  of  H20. 
Microscopic  examination  has  revealed  the  presence  of  gold  crystals. 11561 
This  may  indicate  that  Biron  emerald  was  hydrothermally  synthesized  in 
an  autoclave  lined  with  gold  or  gold  alloy  with  chromium  and  vanadium 
used  as  the  coloring  agents.  The  crystals  have  a remarkably  large  growth 
sector  and  are  transparent.1 1561  The  characteristic  inclusions  are  the  par- 
ticles of  gold,  greyish  white  “bread-crumb”  inclusions,  phenakite  crystals, 
and  rare  fragments  of  the  seed.1 1571 

Hydrothermal  synthesis  of  emerald  in  USSR  began  in  1965J158] 
At  present,  it  has  been  improved  to  obtain  commercially  faceted  emer- 
ald.!159] The  Russian  method  of  hydrothermal  growth  of  emerald  has  been 
reported  in  detail  by  Schmctzcr.1 1601  To  cite  the  growth  conditions  of  the 
Russian  synthetic  emerald  from  his  paper: 

Growth  temperature  - 590-620°C 

Temperature  gradient  - 45  °C,  20-100°C,  70-1 30° C 

Pressure  - 816-1530  kg/cm2 

Solvent  - acidic  solution  or  flour-bearing  solutions  of  complex 
components 

Nutrient  - natural  beryl  or  oxides  of  Be,  A1  and  Si 
Vessel  - stainless  steel  (200-800  ml) 

Seed  - plate  cut  parallel  to  (5  5 10  6) 

Under  these  growth  conditions,  a seed  plate  of  6 cm2  in  size  increases  its 
weight  by  10  gm  in  about  20  days,  and  an  emerald  layer  is  5-7  mm  in  this 
period  of  time.  This  corresponds  to  a growth  rate  of  0.2-0.3  mrn/day.  Cr3+, 
Fe2+,  Fe3+,  Ni3+,  and  Cu2+  have  been  detected  through  chemical  analysis 
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as  color-associated  transition  elements.  Fe2+  and  Cu2+  ions  were  assigned 
to  the  tetrahedral  sites,  and  Ni3+,  Cr3+,  and  Fe3+  ions  to  the  octahedral 
sites. [16°]  Evolution  of  ions  from  the  inner  wall  of  the  autoclave  is  pos- 
sible. It  is,  therefore,  unknown  what  ions  were  added  during  the  process  of 
growth.  The  length  of  the  crystal  is  6. 1 cm,  width:  1 cm,  thickness:  0.7  cm. 
The  Russian  synthetic  emerald  crystals  grown  for  commercial  aims 
commented  by  Klyakhin  are  10-12  cm  in  length,  up  to  2-2.5  cm  in 
width  and  up  to  2 cm  in  thickness  of  grown  layers.  Their  total  thickness 
varies  within  0.8-1. 4 cm. 

The  optical  properties  and  physical  features  of  commercial  synthetic 
emeralds  are  presented  by  Sinkankas.1 161 ! Table  7.15  lists  the  properties  of 
various  synthetic  emeralds  including  the  Russian  hydrothermally  grown 
emerald. 

Kodaira  et  al.  (1982)  obtained  hexagonal  prism  crystals  having  a 
maximum  size  of  0.3  mm  in  length  from  0. 1 N NaOFi  solution  at  750°C. 
Using  0.5  N or  1 N NaOFi  solution  as  solvents,  beryl  crystals  were 
precipitated  with  phenacite  at  500  to  600°C.  Temperatures  higher  than 
650°C  resulted  in  phenacite  crystals  with  a small  amount  of  beryl. 0 621 
Figure  7.32  shows  the  hexagonal  prism  shaped  crystals  grown  from  0.1  N 
NaOFi  solution. 

What  is  most  significant  in  the  hydrothermal  growth  of  beryl  is 
that  Al  and  Be  hydroxides  are  highly  reactive;  the  growth  process  is 
usually  stopped  when  phenakite  crystals  start  developing  at  the  bottom  of 
the  vessel.  The  growth  rate  and  morphology  depends  upon  temperature, 
pressure,  AT,  size  of  the  crushed  quartz  dopants,  and  so  on.  Fligh  growth 
rates  produce  too  many  inclusions. 

As  the  sources  of  natural  colored  gemstones  continue  to  shrink 
and  the  population  growth  of  the  world  continues  to  increase,  the  size  of 
the  market  for  gem  materials  such  as  synthetic  emerald  is  expected  to 
increase  (tempered,  however,  by  occasional  reverses  in  the  world  economy). 


Table  7.15.  Properties  of  Hydrothermally  Grown  Emeralds [144J 


Refractive  index 

Birefringence 

Specific 

Chelsea 

253.7  nm 

365  nm 

gravity 

filter 

UV 

Natural 

1.580 

1.588 

0.008 

2.70 

inert  to 

none 

none 

(Santa  Terezinha) 

pink 

Lechleitner 

1.586-1.597 

1.580-1.587 

0.006-0.010 

n.d 

red 

pale  red 

pale  red 

emerald-coated 
natural  beryl 

to  bright 

to  red 

fully-synthetic 

beryl-emerald 

composite 

1.567-1.573 

1.562-1.567 

0.005-0.006 

2.67-2.69 

bright  red 

bright  red 

bright  red 

Linde  (03-1.2%  Cr) 

1.567-1.573 

1.562-1.567 

0.005-0.006 

2.67-2.69 

bright  red 

bright  red 

bright  red 

Regency 

1.568 

1.573 

0.005 

2.68 

bright  red 

red 

bright  red 

Biron 

1.577 

1.570 

0.007 

2.72 

red  to  pink 

inert 

very  weak 
dark  green 

1.573 

1.569 

0.004-0.005 

2.68-2.71 

strong  pink 
red 

inert 

inter 

Pool 

1.574 

1.569 

0.005 

2.75 

red 

inert 

inter 

Soviet 

1.583-1.586 

1.577-1.579 

0.006-0.007 

2.70-2.71 

none-to  dark 

none 

none  to  partly 

orange  yellow 

dark  red 

1.579-1.587 

1.574-1.581 

0.005-0.006 

2.64-2.66 

no  reaction 

inert 

dull  red 
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Figure  7.32.  Hexagonal  prism  shaped  crystals  grown  from  0.1  N NaOH  solu- 
tion.! 162] 
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There  are  several  other  beryllium  bearing  silicates — like  chkalovite 
-Na2BeSi206,  iron  beryllosilicate-Fe3BeSi309(F,OFl),-„  aluminoberyllo- 
silicate-Na3Ai.BeSi208,  barylite-BaBe2Si907  and  so  on — have  been  syn- 
thesized as  single  crystals  using  the  hydrothermal  method.1 163,-1 1661  Sobolev 
et  al.  (1966)  prepared  chkalovite  and  its  germainum  analog  by  hydrother- 
mal techniques  from  the  system  Be0-Me02-Na0Ff-FI20  (where  Me  = Si, 
Ge)J167]  Beus  and  Dikov  (1967)  have  studied  its  field  of  stability  in 
hydrothermal  solutions  containing  NaOFi,  Na2C03,  NaF,  and  HF,  and 
prepared  from  beryllium  hydroxide  and  nitrate  with  amorphous  Si09  in 
hydrothermal  NaOFi  and  NaCl  solutions.1 1681  The  experimental  tempera- 
ture was  400-600°C,  AT  = 40-60°C,  P = ~ 700  atm  and  the  experimental 
duration  was  five  days.  It  is  possible  that  in  natural  hydrothermal  process, 
where  chkalovite  is  very  rarely  encountered,  undergoes  further  changes 
owing  to  its  chemical  instability,  forming  other  more  stable  beryllium 
compounds.  Most  of  the  beryllium  bearing  compounds  exhibit  piezoelec- 
tric properties,  especially  the  Na+  and  Bu+2  bearing  beryllium  silicates. 
For  example,  barylite  crystals  cannot  be  synthesized  by  the  ordinary  solid- 
state  reaction.  Maeda  et  al.  (1991)  obtained  this  crystal  under  the  follow- 
ing conditions: 

P = 500  bar 
T=  385°C 
AT  = 15°C 
Solvent  = 3 M KOH 
Baffle  opening  =15% 

Seed  = Ba  Be2  Si2  07  ceramics 

Likewise,  there  are  several  such  reports  on  the  hydrothermal 
synthesis  of  beryllium  bearing  silicates  and  most  of  them  exhibit  interest- 
ing electronic  properties. 

7.9.3  Tourmaline 

Tourmaline  is  a complex  silicate  of  boron  and  aluminum  with 
either  magnesium,  iron,  or  the  alkali  metals  prominent.  The  general 
formula  can  be  written  as  XY -Al6-  [Be6Si6027(0Fl,F)4],  where  X = Na,  Ca, 
K;  Y = Mg,  Fe,  Mn,  Li,  Al,  etc.  Tourmaline  crystals  exhibit  pyroelec- 
tric properties  and  the  importance  of  the  seeded  growth  of  tourmaline  was 
realized  during  the  1940s.  The  basic  interest  lies  in  the  colorless  variety  of 
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tourmaline  for  pyroelectric  applications.  The  carl  iest  attempts  to  obtain 
tourmaline  single  crystals  were  carried  out  through  proper  selection  of 
nutrient  and  the  solvent.1 16911 170  Robbins  et  al.  (1963)  have  carried  out  the 
growth  of  tourmaline  crystals  using  metastable  glass  of  tourmaline  com- 
position and  the  given  pressure-temperature  diagrams  of  stability.!171] 
Voskresenskaya  (1966),  and  Voskresenskaya  and  Barsukova  (1967)  have 
earned  out  the  synthesis  of  colorless  tourmaline  on  the  seeds  under 
hydrothermal  conditions. t172!!171]  The  above  authors  have  carried  out 
experiments  in  autoclaves  with  a volume  of  200  cm3  at  temperatures 
550-600°C  and  pressure  2000  atm.,  using  platinum  liners.  A mixture  of 
oxides  or  glass  of  tourmaline  composition  was  used  as  the  nutrient. 
Natural  tourmaline  was  used  as  seed  crystals.  The  growth  was  carried  out 
in  the  acidic  media  from  aqueous  solutions  H3B04-NaCl  (NaF).  The 
concentration  of  boric  acid  was  5-10  wt%,  NaCl  ~ 2.5  wt%.  The  seed 
orientation  was  along  the  (0001)  face,  polar  in  character,  and  crystals 
usually  developed  simple  forms  (1011),  (0221),  and  (0112). 

7.9.4  Nepheline 

Nepheline  is  an  important  mineral  and  has  the  orthosilicate  for- 
mula (Na,K)AlSi04,  with  a framework  of  aluminosilicate  having  acentric 
space  group  P63.  Nepheline  is  of  interest  as  piezo-  and  pyroelectric 
material.  The  nepheline  structure  is  related  to  “tridymite  intercalation 
stones,”  which  allows  it  to  vary  the  Na/K  ratio  in  a wide  interval.  In  nature, 
nepheline  usually  occurs  as  small  glassy  crystals  or  grains.  The  natural 
nephelite  always  contains  silica  in  excess  and  also  small  amounts  of 
potassium.  Nepheline  can  be  easily  prepared  artificially  by  fusing  its 
constituents  together  in  the  proper  proportions.  The  earliest  experiments 
on  the  artificial  synthesis  began  in  the  19th  century.  Friedel  (1890)  treated 
muscovite  with  NaOFI  or  KOFI  solution  and  water  at  200°C  to  500°C  and 
obtained  nephelite.  i174][i75]  The  end  members  of  this  row  are  characterized 
by  several  polymorphs,  and  the  nepheline  structural  type  is  characteristic 
for  Na/K  ratios  from  1 to  0.5. 

Nepheline,  NaAlSi04,  is  stable  in  NaOFI  solutions  with  concen- 
trations 3-15  wt%  at  temperatures  more  than  450°C.  Increase  in  tem- 
perature results  in  the  expansion  of  the  stability  field  to  20-22  wt%  at 
500°C.  At  400  <T<  450°C,  nepheline-hydrate-I  and  nepheline-hydrate-II 
form  from  artificial  cancrinate  and  sodalite.  Flowever,  under  the  same 
conditions,  the  nepheline  phase  is  in  equilibrium  with  solution  if  synthetic 
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nepheline  is  used  as  the  starting  material.  The  boundary  nepheline 
hydrate,  cancrinite,  seems  to  be  metastable.  Nepheline  (both  synthetic 
and  natural)  is  replaced  by  cancrinate  at  200-300°C  and  NaOH  concen- 
trations greater  than  3 wt%.076]OT7] 

Nepheline  single  crystals  can  be  grown  in  the  field  of  its  thermo- 
dynamic stability  as  in  the  field  of  its  instability  at  300  <T<  400°C  if  the 
growth  process  is  initiated  by  nepheline  seed.  In  the  region  of  instability, 
single  crystals  of  nepheline  grow  on  the  seed  but  hydrocancrinate, 
Na8Al6Si6094(0H)9-nH20,  crystals  grow  on  spontaneous  nuclei.  At  T > 
450°C,  nepheline  and  cancrinate  grow  simultaneously  if  there  are  seeds  of 
both  nepheline  and  cancrinate. 

Single  crystals  of  (Na,K)AlSi04  were  grown  in  the  system  Na-,0- 
K90-Al903-Si09-H20  using  natural  nepheline  as  a nutrient  and  as  a 
material  for  seeds.  To  minimize  the  mismatch  between  the  seed  and  the 
grown  layer,  the  potassium  was  introduced  into  the  starting  NaOH-solu- 
tion.  As  a result,  the  composition  of  grown  layer  was  close  to  the  compo- 
sition of  seed  plates  (Table  7.16). 


Table  7.16.  Chemical  Composition  of  Natural  and  Artificial  Nepheline 


Compound 


oxide  contents,  wt% 


Si02 

ai2o3 

Fe203 

FeO 

MgO 

CaO 

Na20 

k2o 

nepheline  natural 

43.63 

32.37 

0.41 

0.17 

0.76 

0.36 

15.94 

6.0 

(starting  material) 

napheline  artificial 

41.55 

34.47 

0.74 

— 

0.10 

— 

16.77 

5.98 

(grown  layer) 

The  unit  cell  parameters  are  equal  to:  a = 12.64,  c = 5.16  A 
(seed  material),  a = 12.72,  c = 5. 12  A (grown  layer).  At  temperatures  of 
300-350°C  in  the  growth  zone,  the  regeneration  of  seed  plates  takes  place 
with  the  formation  of  the  following  simple  forms:  hexagonal  prism  (1010), 
monohedra  (0001)  and  (0001)  and  sometimes  hexagonal  pyramids  (1011), 
(1012).  The  polar  symmetry  is  observed  rarely,  and  the  external  habit 
usually  corresponds  to  the  point  group  6/m  or  6/mmm.  In  this  case,  the 
growth  morphology  and  growth  rates  of  (0001)  and  (0001)  faces  are  the 
same,  which  may  be  caused  also  by  twinning.  Specific  cellular  micro- 
structure is  observed  in  transmission  light;  the  cell  size  is  1.5-3  mm. 
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The  mean  values  of  growth  rates  for  different  crystallographic 
directions  are: 

7(1010)  - 0.04  mrn/day 
y(000 1)  - 0. 12  mrn/day 
7(1011)  - 0.4  mrn/day 

7(1011)  >7(1210)  >7(0001)  >7(0001)  >7(1010) 

The  faces  (0001)  and  (1010)  grow  on  spiral  mechanisms,  the  faces  of 
pyramid  grow  on  normal  mechanisms.  Nepheline  crystals  exhibit  interest- 
ing uni-dimensional  ionic  conductivity.  It  shows  anamolously  high  di- 
electric constant  parallel  to  c-axisd178] 

7.9.5  Zincosilicates 

The  earliest  work  on  the  hydrothermal  synthesis  of  zincosilicates 
appeared  during  1974J179!  The  study  of  zincosilicates  carries  a special 
significance  with  reference  to  their  crystal  chemistry  and  phase  stability, 
as  they  occur  in  nature  under  varying  geological  conditions.  Zincosilicates 
phase  formation  in  the  system  Na90-Zn0-Si02-FL0  has  been  studied  in 
great  detail  by  several  workers. I179]-[t82]  jqg  following  zincosilicates  have 
been  identified  in  this  system:  Zn9[Si04]-willemite,  Na9Zn[Si906], 
NaZn[Si04],  Na9Zn[Si308],  Na2Zn3(Si04)2,  and  Na9Zn9[Si207].  Figure 
7.33  shows  the  NC-diagram  of  fields  of  crystallization  of  various 
zincosilicate  phases.  Figure  7.34  shows  the  schematic  diagram  of  various 
zincosilicate  phase  formations.  Litvin  proposed  the  following  univariant 

equilibrium:  F76] 

Zn2Si04  + 2Na20  + 3Si02  <->  2Na2Zn  Si206 
3Zn2Si04  + 2Na20  + Si02  <->  2Na2Zn3Si208 
Zn2Si04  + 2Na20  + 5Si02  <->  2Na2ZnSi308 
Zn2Si04  + Na20  + Si02  <->  Na2Zn2Si207 
2Na3Zn3Si908  + Na20  + 2Si02  <->  3NaZn9Si907 
Na2Zn2Si207  + Na20  + 2Si02  2Na2ZnSi206 
Na2ZnSi206  <->  Na2ZnSi04  + Si02 
Na9ZnSi308  <->  Na9ZnSi906  + Si02 
Na2Zn3Si208  + 2Na20  + Si02  <->  3Na2ZnSi04 
3Na2ZnSi04  <H>  Na2Zn3Si208  + Si02  + 2Na20 
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A'(Si(VZnO) 


Figure  7.33.  NC-diagram  of  fields  of  crystallization  of  various  zincosilicate 

phases. 1176] 


Figure  7.34.  Schematic  diagram  of  various  zincosilicate  phase  formation.  P76] 
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Zn2Si04  (Willemite):  Willemite  crystallizes  in  pure  water,  in 
NaOH  solution  and  in  mixed  solvents  of  NaOH  + Na2C03.  The  optimum 
conditions  for  spontaneous  recrystallization  of  willemite  are:  NaOH: 
4-6  wt%;  T = 375-450°C;  AT  = 5-8°C,  P = 400-600  atm.  Single  crystals 
of  willemite  grow  in  the  form  of  a hexagonal  prism.  The  fast  growing 
face  is  the  rhombohedral  face  (1120),  the  growth  rate  of  which  is  0.8-1. 0 
mm/day.  When  the  concentration  of  NaOH  increases  beyond  10  wt%,  the 
solubility  of  willemite  increases  and  the  formation  of  other  phases  begins. 
Also,  when  the  NaOH  concentration  is  10  wt%,  the  boundaries  of 
monomineralic  synthesis  move  up  to  the  ratio  ZnO/Si02  = 1:2.5.  Further 
increase  in  the  concentration  of  the  solvent  increases  the  field  of  quartz. 
Willemite  doped  with  active  ions  like  Mn2+  exhibits  excellent  lumines- 
cence properties  when  exposed  to  UV  radiation,  and  it  is  an  excellent 
phosphor. 

The  field  of  crystallization  of  Na2ZnSi308  falls  in  the  silica  rich 
region  (Fig.  7.35).  Na2ZnSi3Og  crystallizes  usually  together  with  willemite, 
with  an  increase  in  the  NaOH  concentration,  especially  silica.  Na2ZnSi308 
starts  melting  congruently  and  recrystallizes  in  the  upper  part  of  the 
autoclave.  The  presence  of  Na-,C03  helps  crystals  and  increases  the 
crystal  size.  The  crystals  of  Na2ZnSi308  could  be  obtained  at  tempera- 
tures 325-400°C,  AT  = 8 to  12°C,  and  P = 400-600  atm.  Dipyramidal 
crystals  with  [100]  and  [110]  faces  grow  under  these  conditions  with  a 
growth  rate  of  0.08  mm/day.  The  crystals  exhibit  piezoelectric  effect  like 
quartz.  The  crystals  are  colorless,  transparent.  The  crystals  doped  with 
Mn2+  show  good  luminescence. 


Figure  7.35.  Field  of  crystallization  of  Na2ZnSi308.[184J 
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Na2Zn2Si207:  This  crystallizes  in  10-25%  NaOH  solutions 
at  ZnO/Si02  > 1:1.  If  the  concentration  of  ZnO  increases  to  7:1.  this 
phase  becomes  unstable  and  transforms  to  Na2ZndSi04h.  The  crystals 
are  thin  plates — like  at  ZnO/Si02  = 2: 1 to  1 : 1 . With  an  increase  in  the  ZnO 
in  the  nutrient,  the  crystals  become  thicker.  The  commonly  seen  faces  are 
(100),  (010),  (210),  (110),  (101),  and  (111).  Crystals  are  colorless,  trans- 
parent, with  glassy  surfaces.  The  crystallization  of  Na2Zn2Si207  takes 
place  in  15-18  wt%  NaOH  solution  at  T = 450°C,  AT  = 4-6°C ,P  = 400- 
600  atm.  The  growth  rate  is  0.3-0.5  mrn/day  along  the  direction  [101], 083] 
The  growth  rate  of  the  (001)  face  increases  and  becomes  equal  to  the 
growth  rate  along  other  faces.  These  crystals  show  luminescence,  and 
strong  piezoelectric  effect.  Heating  above  1090°C,  Na2Zn2Si207  starts 
decomposing  to  ZnO  and  melt,  and  at  1325°C,  it  completely  melts. 

Na2Zn[Si04]:  Single  crystals  of  sodium  orthozincosilicate  have 
been  obtained  in  highly  concentrated  NaOH  solution  (30%  NaOH)  and  it 
does  not  depend  upon  the  ratio  of  the  stalling  components.  Na2Zn[Si04] 
dissolves  congruently.  The  schematic  diagram  of  the  crystal  morphology 
is  shown  in  Fig.  7.37.  The  commonly  observed  forms  are  (100),  (001), 
(110),  and  (01 1).  Twinning  is  common.  Crystals  are  colorless,  Mn2+  rich 
crystals  are  green,  Cu2+  rich  crystals  are  blue.  The  Mn2+  doped  Na2Zn[Si04] 
crystals  show  luminescence,  and  also  significant  piezoelectric  effect. 
At  T = 1060  + 10°C,  NaZn[Si04]  undergoes  phase  transition. 


Figure  7.36.  Schematic  diagram  of  the  crystal  morphology. U84l 
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Synthetic  sodium  zincosilicates  are  a new  group  of 
crystallophosphor  materials.  Sodium  zincosilicates  doped  with  Mn2+  ex- 
hibit stronger  luminescence.  Also,  Na2Zn9[Si907],  Na2Zn[Si308],  and 
Na2Zn[Si04]  show  stronger  piezoelectric  effect  than  quartz.  However,  the 
basic  problem  is  the  growth  of  large  size  single  crystals. 

Several  other  compounds  crystallize  from  the  system  Na20-M0- 
Si02-H90  (where  M = Cd,  Ca,  Ba,  and  Mn).  Amongst  them,  the  Cd  and 
Mn  bearing  silicates  show  interesting  physical  properties. [176][184]-[187] 
Similarly,  the  Ca-bearing  silicates  cany  great  geological  significance  and 
such  systems  are  being  studied  extensivelyd188Hi9i] 

Several  phases  crystallize  in  the  Na90-Ca0-Si02-H90  under  hy- 
drothermal conditions.  Figure  7.37  shows  the  NC-diagram  of  crystalliza- 
tion in  the  system  Na20-Ca0-Si02-H20.  Following  are  the  important 
phases  crystallizing  in  this  system:  Ca[Si03],  Ca6[Si6017](0H)9  (xonolite), 
Ca5  [Si04]2  x (OH)2  (khondrodite),  Ca6[Si4014]  (kilkhoanite),  Ca8[Si5018] 
(orthorolite),  Ca6[Si04]  [Si207](0H)2  (dellaite),  etc. 


\iSi02 


Figure  7.37.  NC-diagram  of  crystallization  in  the  system  Na20-Ca0-Si02- 
H20.[i84j 
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The  studies  of  the  crystallization  of  monocationic  calcium  sili- 
cates reveal  that  they  are  formed  in  at  least  two  ways: 

i.  Interaction  of  soluble  silica  with  calcium  compound 
(through  neutralization  reaction). 

ii.  Interaction  of  aqueous  solutions  of  silica  with 
amoiphous  or  crystalline  portlandite. 

The  ratio  of  Si02/CaO  (degree  of  silification)  regularly  increases 
0.5  — > 0.75  — > 1.0.  [Si-O]  radical  leads  to  the  transition  from  discrete 
ortho-,  diortho-  group  to  infinite  chains  and  then  infinite  ribbon  [Si60 
In  most  of  the  experiments  quartz  also  crystallizes  together  with  xonotlite. 

In  the  second  case,  the  degree  of  silification  increases  insignifi- 
cantly (0.33  — > 0.4  — > 0.62  — > 0.66)  and  morphotropic  transitions  in  [Si-O] 
radical  takes  place  as  follows:  [Si04]  — > [Si04]2  [Si3O10]  — > [SiO4][Si3O10]. 

Nd3+  doped  Ca2Al2Si07  (gehlenite)  is  an  efficient  new  laser 
material, [192]  since  its  structure  exhibits  some  disorder  and  can  accept 
active  rare  earth  ions.  The  unit  cell  is  tetragonal  (melilite  type)  with 
special  group  P42lm.  Figure  7.38  shows  the  Na3+  emission  spectrum 
corresponding  to  the  4F3/2— > 4I|1/2  transition  a)  in  gehlenite,  and  b)  in 
YAG. 


Figure  7.38  . Na3+  emission  spectrum  corresponding  to  the  4F :3/2  4 T [ 1/2  transition  in 
a)  gehlenite  and  in  b)  YAG.l192! 
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In  the  system  Na20-Ba0-Si02-H70  under  hydrothermal  condi- 
tions below  350°C,  two  phases  crystallize:  BaSi03-nH~,Cd193]  and 
BaSi205-3H90,[194]  in  the  BaCL,  + Na2H9Si04  solution,  the  low  tempera- 
ture of  growth  and  the  nature  of  the  solution  does  not  form  silicates  when 
BaO/Si02  > 1:1.  At  temperatures  450-550°C,  pressures  400-1200  atm, 
and  Ba0/Si09  from  7.5:1  to  1:10,  the  following  phases  form:  BaSi03, 
Ba9Si308,  BaSi205  (sanbornite)  and  Ba5Si4012(0H)2  Na 
Ba3Si907-(OH)4195l  Figure  7.39  shows  NC-diagram  of  crystallization  in 
the  system  Na90-Ba0-Si02-H90,  and  Fig.  7.40  shows  the  schematic 
diagram  of  the  crystal  morphology  of  the  barium  silicates.  From  the  NC- 
diagram,  the  boundaries  of  crystallization  of  BaSi905  and  BaSi308  are 
controlled  only  by  NaOH  concentration.  Further,  the  boundaries  between 
monocationic  barium  silicate  and  quartz  depends  only  on  the  concentra- 
tion of  Ba(OH)2  (MBaO).  All  the  transitions  to  NaBa3Si207  (OH)  are 
controlled  mainly  by  the  concentration  of  NaOH.  Mn2+  doped  BaSi905 
shows  luminescence. 


N^BaOtSiO^ 


Figure  7.39.  NC-diagram  of  crystallization  in  the  system  Na20-Ba0-Si09  - 
H20.[i95] 


Figure  7.40.  Schematic  diagram  of  the  crystal  morphology  of  the  barium  silicates. [184] 
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The  other  important  system  Na90-Mn0-Si09-H20  gives  the  fol- 
lowing phases  under  hydrothermal  condition:  Mn7Si012  (braunite), 
Mn(OH)2  (pyrochroite),  Mn2Si04  (tephroite),  Na2Mn7Sig024, 
Na2Mn6Si7021,  Na2Mn3Si4012,  Na2Mn2Si207,  Na2MnSi04,  Na6Mn3Si6018, 
Na9MnSig018,  NaoMn7(Si03)g,  Na2Mng016-nH70.  Several  of  them  occur 
in  nature  as  minerals.  Figure  7.41  shows  the  NC-diagram  of  crystallization 
of  the  system  Na20-Mn0-Si02-Ff,0.[196]  Most  of  these  phases  belong  to 
the  lower  symmetry  classes  (monoclinic  and  orthorhombic)  and  some  of 
them  are  excellent  luminiscent  materials.  Further,  these  compounds  crys- 
tallize at  T>  400°C  and  MnO/SiO,  > 1.  These  compounds  can  be  obtained 
using  alkaline  solutions,  NaOFI  (<  20%).  The  major  difficulties  concern- 
ing this  system  are  associated  with  the  change  in  the  valency  of  Mn2_  to 

Mn4+.097] 

A majority  of  these  sodium  manganese  silicates — Mn9[Si04], 
Na2Mn2[Si207],  Na2Mn(Si04),  Na2Mn7(Si03)8,  Na6Mn3(Si6018) — show 
useful  physical  properties.  Some  of  them  have  been  obtained  as  single 
crystals  using  spontaneously  grown  crystals  as  seeds. [198] 


Figure  7.41.  NC-diagram  of  crystallization  of  the  system  Na20-Mn0-Si02- 
H20.[196] 
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7.10  HYDROTHERMAL  GROWTH  OF  LITHIUM  SILICATES 

Lithium  aluminum  silicate  systems  are  being  studied  extensively 
because  of  their  ultra-low  thermal  expansion  and  their  geological  impor- 
tance. Almost  all  the  natural  lithium  aluminosilicates  have  been  synthe- 
sized, together  with  a number  of  artificial  lithium  compounds  with  no 
natural  analogs.  However,  the  only  exception  is  a-spodumene,  which  has 
never  been  synthesized  with  an  adequate  degree  of  reproducibility,  in  spite 
of  high  pressure-temperature  conditions  of  synthesis  (T  = 600°C,  P = 
4000  atm). 0"1  [20°]  In  the  Li20-Al903-Si09-H20  system,  in  temperature 
range  400-700°C  and  at  pressures  of  up  to  9000  atm,  a-eucryptite, 
/3-spodumene,  petalite,  lithium  silicate,  and  a-spodumene  have  been 
synthesized  over  a wide  range  of  pHd201!  Instead  of  a-spodumene, 
others — like  eucryptite,  /3-spodumene,  petalite,  and  a number  of  artificial 
lithium  compounds — have  been  obtained. 

The  results  of  the  foregoing  investigations  lead  to  the  conclusions 
that  ( a ) spodumene  is  formed  at  pressures  of  over  4000  atm  as  indicated,  in 
particular,  by  the  fact  that  all  the  phases  synthesized  have  lower  densities 
than  that  of  a-spodumene,  and  (b)  isomorphic  impurities  reduce  the 
minimum  pressure  required  for  the  formation  of  a-spodumene. 

Pure  LiCl  solutions  at  400-700°C  and  pressures  of  750-3000  atm, 
we  may  synthesize  a-eucryptite  LiAlSi04,  /3-spodunrene  /3-LiAlSi906, 
and  petalite  LiAlSi4O10.  The  a-eucryptite  is  mainly  formed  for  high 
Al203/Si02  ratios  in  the  original  charge  (~  1:1),  /3-spodumene  for  smaller 
ratios  ( 1 :2  to  1:3),  and  petalite  for  a high  concentration  of  silica  (ratio  A/S 
~ 1:8).  In  the  neighborhood  of  the  ratio  Al903/Si09  ~ 1:5,  we  observe 
paragenesis  of  /3-spodumene  and  quartz. 

The  concentration  of  LiCl  solutions,  and  the  temperature  and 
pressure  within  the  limits  indicated,  have  little  effect  on  phase  formation 
in  the  LiCl-Al203-Si02-H90  system. 

The  pH  of  the  solution,  together  with  the  Al203/Si09  ratio,  consti- 
tutes the  second  most  important  factor  in  the  crystallization.  Reducing  the 
alkalinity  of  the  solution  (in  LiCl  + HC1  solutions)  has  practically  no  effect 
on  the  phase  formation,  but  on  increasing  the  alkalinity  (in  LiCl  + LiOH  or 
LiOH  solutions)  new  compounds  appear  and  the  ranges  of  crystallization 
of  the  phases  already  noted  alter.  First  of  all,  lithium  silicate  Li2Si03 
appears.  For  a ratio  of  Al903/Si09  =1:1  lithium  silicate  is  synthesized  for 
high  values  of  the  alkalinity,  but  with  increasing  concentration  of  Si02  in 
the  original  mixture  the  range  of  its  stability  moves  in  the  low  pH  direction 
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(Fig.  7.42).  In  alkaline  solutions  the  field  of  formation  of  petalite  also 
widens,  and  the  latter  is  synthesized  for  higher  A1203  /Si02  ratios  (~  1 : 2 
for  pH  > 10)  than  in  LiCl  solutions.  The  range  of  existence  of  (3-spo- 
durnene,  on  the  other  hand,  contracts  slightly  on  increasing  the  alkalinity 
(Fig.  7.42),  and  for  pH  > 10  it  becomes  unstable,  being  replaced  by  a- 
eucryptite  and  lithium  silicate. 


Figure  7.42.  Fields  of  stability  of  lithium  silicates  in  relation  to  the  pH  of  the 
solution  and  the  ratio  of  the  original  charge  components  at  T = 600°  to  700°  and 
P = 2000-3000  atm.  (1)  «-LiAlSi04;  (2)  /t-Li AISi2Ofi;  (3)  LiAlSi4O10;  (4) 
Li2SiO3.[20i] 


The  densest  of  all  phases  synthesized  is  a-spodumene,  which 
clearly  indicates  that  the  stability  range  lies  at  much  higher  pressures.  In 
other  words,  at  pressures  of  under  4000  atm  and  in  the  absence  of 
impurities,  no  spodumene  is  formed.  The  commonly  used  impurities  are 
Cr3+  and  Fe3+.  The  a-spodumene  is  synthesized  in  LiCl  solutions  at 
pressures  over  ~ 6000  atm.  At  lower  pressures,  it  decomposes  into  a- 
eucryptite  and  /3-spodumene.  The  partial  replacement  of  Al+3  by  CC3 
reduces  the  lower  limit  of  pressures  for  the  formation  of  spodumene; 
spodumene  containing  traces  of  Cr3+  grows  on  the  seed  at  3000  atm.  A 
complete  replacement  of  A1,03  by  Fe203  or  Cr203  leads  to  the  synthesis  of 
iron  and  chromium  spodumene  in  the  low-pressure  range:  ~ 250  and  - 750 
atm  respectively.  Figure  7.43  shows  the  characteristic  photographs  of 
a-eucryptite  and  /3-spodumene  crystals. [201J 
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Figure  7.43.  Characteristic  photographs  of  a - eucryptite  and  - spodumene 
crystals. 120!] 


Ghobarkar  (1992)  has  studied  the  hydrothermal  synthesis  of  petalite 
mineral  phases  and  their  morphological  changes  with  temperature  in  great 
detail. 12021  Here,  petalite  minerals  were  synthesized  hydrothermally  at 
different  temperatures  from  a glass  with  the  composition 
L^COpAljC^SiC^  = 1:1:8.  It  was  found  that  the  development  of  the 
mineral  phases  and  the  volume  and  habit  of  crystals  depended  on  the  rise 
of  temperature  from  41  CPC  to  490°C,  a-petalite  crystallized  in  the  mono- 
clinic system  with  a constant  change  in  the  habit,  a-petalite  splits  into 
quartz  and  an  orthorhombic  (3, -petalite  from  490°C  onwards.  The  tetrago- 
nal phase  of  petalite  forms  from  560°C  to  750°C  with  changes  in  the  habit. 

Thus,  the  hydrothermal  synthesis  of  lithium  silicates  is  a challeng- 
ing field  in  hydrothermal  research. 


7.11  HYDROTHERMAL  GROWTH  OF  GERMANATES 

Germanates  form  an  important  group  of  inorganic  compounds 
having  a close  proximity  to  the  silicates  in  many  respects.  The  ionic  radii 
of  both  Si4+  (0.39A)  and  Ge4+  (0.44  A)  are  closer  to  one  another.  The 
natural  germanates  are  very  few  and,  hence,  their  synthetic  analogs  permit 
to  understand  their  structures,  crystal  chemistry,  physico-chemical  condi- 
tions, etc.  In  nature  germanium  usually  occurs  in  the  form  of  isomorphous 
admixtures  in  some  relatively  rare  minerals  (samarskite,  tantalite,  gado- 
linite,  germantite,  etc.)  Individual  germanium  minerals  or  germanates  are 
rather  rare  or  very  few,  especially  in  some  sulphides  and  sulphates. [203]_[2051 
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Germanates  could  be  obtained  both  by  flux  and  hydrothermal  methods. 
However,  just  like  silicates,  even  germanates  insists  hydrothermal  condi- 
tions for  the  formation  of  a large  variety  of  anionic  groups.  The  flux  grown 
germanates  are  very  few  and  are  represented  by  [Ge04]  and  [Ge907] 
anionic  groups,  whereas  the  hydrothermally  grown  germanates  do  contain 
a large  variety  of  anionic  groups  like  [Ge04],  [Ge207],  [Ge4013],  [Ge3012], 
[Ge10O25],  [Ge3012],  [Ge5016],  etc.  These  germanates  with  different  cat- 
ions can  be  obtained  at  rather  lower  parameters  ( T = 500°C,  P = 1500- 
2000  atm).  Under  such  conditions  germanates  can  occupy  both  tetrahedral 
and/or  octahedral  position  in  the  structure.  The  fixation  of  Si  in  octahedral 
coordination  demands  much  higher  pressure  (>  10  kbar).  This  fact  reveals 
an  important  aspect  of  the  study  of  germanates  crystallization,  because  the 
germanates  obtained  under  lower  PT  conditions  may  be  the  analogs  of 
silicates  formed  in  the  earth  crust  at  greater  depths. 

The  growth  of  germanates  began  as  an  attempt  to  synthesize 
silicates  analogs  during  the  middle  of  this  century.  Onishi  (1956)  and 
Wardani  (1957)  studied  the  geochemistry  of  germanium  in  detail. P03H204] 
Just  like  in  silicates,  even  in  germanates,  we  can  have  two  types:  1) 
germanates  containing  rare  earth  elements,  and  2)  germanates  without 
rare  earth  elements.  The  phase  formation  and  crystal  chemical  elucidation 
of  the  germanates  have  been  discussed  in  general  here. 

The  natural  compounds  of  germanium  and  rare  earth  elements  are 
practically  absent  and  only  their  synthesis  allows  one  to  study  their 
structures,  crystal  chemistry,  and  physical  and  chemical  characteristics  in 
detail.  Under  such  conditions  germanium  can  occupy  both  tetrahedral  and 
(or)  octahedral  positions  in  the  structure.  The  fixation  of  Si  in  octahedra 
(coordination  number  6)  demands  much  higher  pressure  (more  than  10 
kbar).  This  fact  reveals  an  important  aspect  of  the  study  of  rare  earth 
germanate  crystallization,  because  the  germanates  obtained  under  lower 
temperatures  and  pressures  may  be  the  analogs  of  silicate  phases  formed 
in  the  earth  crust  at  large  depth  (high-pressures  phases).  The  classification 
of  germanates  containing  rare  earth  elements  differ  slightly  from  that  of 
the  silicates  containing  rare  earth  elements. 

For  germanium,  like  silicon,  a tendency  to  form  chains  has  been 
noticed.  For  silicon,  both  hydrides  and  halogenides  have  been  obtained, 
but  germanium  forms  only  halogenides  with  the  bond  Ge-Ge. 

Ge02  is  largely  analogous  to  Si09,  and  it  may  form  glass  while 
cooling  from  the  melt.  One  of  the  polymorphic  modifications  of  Ge02  at 
1033°C  has  quartz  structure.  This  Ge09  modification  becomes  metastable 
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at  < 1053°C.  The  stable  modification  of  Ge09  has  the  characteristic  rutile, 
Ti02  type  structure. 

Germanium  may  exist  in  solutions  as  a negatively  charged  ion  and 
forming  sulphides  and  tiosalts  differs  from  silicon,  but  at  the  same  time 
germanates  and  fluorogermanates  are  often  isostructural  with  the  corre- 
sponding silicates.  Among  rare  earth  germanates,  we  have  alkali-free 
germanates  and  alkali  rare  earth  germanates. 

7.11.1  Rare  Earth  Germanates 

There  are  some  known  representatives  of  rare  earth  germanates: 
Ln467[Ge04]30,  Ln4[Ge04]04,  Ln13[Ge04]6  [O,  (OH,  F)2]6,  Ln2Ge207 
(two  structure  types),  Ln2Ge05  (three  structure  types)  12061  The  experi- 
ments in  the  system  Ln903_Ge02_R-H90  resulted  in  obtaining  new  types 
of  germanates  (Table  7.17).  Two  of  them  correspond  to  the  silicates 
structures,  six  germanates  belong  to  new  structure  types.  The  crystalliza- 
tion of  germanates  was  carried  out  at  rather  high  AOH  (AF)  concentration, 
but  alkali  cations  took  paid  only  in  intermediate  stages  of  the  synthesis 
processes  (solution,  transport)  as  mineralizers.  In  the  final  composition  of 
rare  earth  germanates  the  alkali  cations  were  absent.  The  common  features 
of  all  germanates  obtained  was  the  prevalence  of  rare  earth  component  in 
comparison  with  germanium,  1<  Ln/Ge  < 4 (Table  7. 17).  For  most  of  the 
new  structure  types,  the  presence  of  morphotropic  rows  are  characteristic 
(Table  7.18).  The  compound  Ln4Ge309(0H)6  has  been  found  in  the 
systems  with  ten  rare  earth  elements.  The  structural  type  Ln3Ge05(0H)3 
is  characteristic  for  eight  rare  earth  elements.  Structure  formation  of  most 
rare  earth  germanates  demands  some  additional  anionic  groups  (OH,  F), 
which  usually  enter  into  the  coordination  polyhedra  of  rare-earth  cation. 
Crystal-chemical  analysis  of  new  rare  earth  germanates  revealed  some 
interesting  features  of  their  structures. 

The  phase  formation  in  the  system  M+90-R903-Ge09-H20  (where 
M = Li,  Na,  K,  Rb,  Cs;  R=  rare  earth  elements)  has  been  studied  extensively. 
Like  in  silicate  systems,  even  in  the  germanate  system  the  phase 
formation  is  determined  by  the  type  of  rare  earth  cation  and  the  ratio  of 
R903/Gc02  in  the  nutrient  and  the  concentration  of  the  solvent.  In  the 
system  Na20-R703-Ge02-H90,  the  following  phases  have  been  identified:  La 
and  Pr  form  Na2RGe04(0H);  Nd  and  Sm  form  NaR3[Ge04]2  (OH)2,  and 
the  rest  of  the  elements  (Eu-Lu,Y)  form  NaRGe04  crystallizing  in  the 
rhombohedral  modification  (Figs.  7.44  and  7.45).  For  all  three  phases,  the 


Table  7.17.  New  Structure  Types  of  Alkali-free  Germanates  of  Rare  Earth  Elements12061 


Solvent 

Concentration 

Unit  cell  parameters 

Space 

Coordination  number 

Compound 

wt% 

a,  A 

b.  A 

c,  A 

group 

of  Ge;  Ge-0  radical 

Y7Ge2012(F,  OH)5 

KF 
25  % 

5.551 

11.283 

12.131 
y=  108.81° 

A2/m 

4;  [GeO]4 

Sm4Ge309(0H)6 

CsOH 

15.145 

10.909 

7.161 

Cmcm 

4;  6;[GeIVGe2VI09] 

Y4Ge06(0H.  F)4 

KF 

5.618 

05=91.45° 

6.276 
j8=  109.44° 

6.885 
7*=1 11.24° 

PI 

4;  [Ge04] 

Gd3Ge05(0H)3 

RbOH 

30-50% 

5.510 

6.011 

10.277 

7^104.89° 

P2[/m 

5;  [GeOs] 

Sm3Ge05(0H)3 

RbOH 

30-50% 

5.526 

6.104 

10.328 

7^104.76° 

P2,/m 

5;  [GeOs] 

Dy3Ge05(0H)3 

CsOH 

40% 

5.481 

5.920 

10.215 

7^=105.02° 

P2,/m 

5;  [GeOs] 

Gd4Ge30  j 3(OH)2 

CsOH 

40% 

6.713 

Of=62.19° 

9.349 

/3=73.67° 

10.128 

7^=69.05° 

PI 

4;[Ge207]  + [Ge04] 

Er13Ge6031(0H,F) 

CsOH 

15.617 

— 

9.398 

R3 

4;  [Ge04] 

Nd4Ge08 

NaOH 

7.475 

5.727 

17.927 

Pmc2j 

4;  [GeOJ 

Yb0Ge907 

KF  25% 

9.827 

— 

— 

Fd3m 

4;  [GeOJ 
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Table  7.18.  New  Series  of  Alkali-free  Rare  Earth  Gennanatcs|206i 


Ln4Ge06(0H,  F)4 
Ln7Ge2012(F,0H)5 
LN4Ge309(0H)6 
Ln3Ge05(0H)3 
Ln4[Ge207][Ge04](0H)2 
Ln4GeOg 
Ln13Ge6031F 
Ln2Ge207  (cubic) 


Ce 

Pr 

Nd 

Pm 

Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 

Lu 

Y 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 
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structure-genetic  relation  is  olivine-like  ribbon,  which  reflects  the  corre- 
sponding rare  earth  element  motif,  phase  transitions:  Na2RGe04(0H)  — > 
NaR3[Ge04]2(0H)2  -»  NaRGe04  from  Lu  to  La  (NaOH  = 20-40%)  is 
accompanied  by  the  rearrangement  of  only  cationic  motif  and  expressed  in 
the  redistribution  of  Na  and  R in  olivine-like  ribbon  (Fig.  7.46). 

Thus,  the  structural  elucidation  of  the  rare  earth  silicates  and 
germanates  in  the  R203  rich  region  of  synthesis,  shows  that  the  structure 
determining  factors  are  the  3-d  arrangement  of  rare  earth  polyhedra  and 
the  stability  of  which  depends  upon  the  NaOFI  solution.  For  lighter  rare 
earth  elements  the  3-d  arrangement  remains  stable  even  at  higher  concen- 
tration of  NaOFI.  Flowever,  the  3-d  arrangement  loosens  at  the  expense  of 
the  enrichment  of  Na-Polyhedra,  e.g.,  structures  of  NaNdSi04  and 
Na2PrSi04(0H). 


jV-2  1 1:2 


Figure  7.44.  NC-diagram  for  sodium  rare  earth  germinate  system:  T = 450'JCJ206| 


,V-I:4 


Figure  7.45.  NC-diagram  for  sodium  rare  earth  germinate  system:  T = 650°C, 
P = 400-2500  atm.  [206] 
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For  heavier  rare  earth  elements,  in  which  the  amphoteric  character 
is  sufficiently  strong,  the  decondensation  of  the  cationic  motif  occurs  from 
3-d  bonding  britolite  up  to  2-d  network  [R208]0ooo  and  at  the  end  discrete 
polyhedra-octahedra  in  Na3RSi207.  The  same  picture  appears  even  for 
germanates.  Flowever,  there  is  some  variation  from  silicate  systems, 
which  are  absent  in  germanates,  wherein  the  rare-earth  elements  lie  as 
discrete  polyhedra.  For  example,  among  germanates  the  structure  type 
Na3RSi207  does  not  exist.  The  second  important  structure  elucidation 
among  germanates  is  connected  with  more  of  olivine  type  structures. 
Therefore,  rare  earth  germanates  are  the  closer  analogs  of  silicates. 

A detailed  work  on  the  system  Na20-R203_Ge09-FI90  indicates 
that  with  surplus  R203  in  the  nutrient  (Ge02/R903  = 1 : 1 to  1 :4)  for  groups 
La-Gd,  three  types  of  germanates  form:  NaR3Ge908(0Fl)2,  NaRGe04, 
and  Na2RGe04(0FI).  Their  synthesis  takes  place  with  temperature 
gradient.  NaR3Ge908(0Fl)2  crystallizes  within  a narrow  interval  of  Ge07/ 
R903  ratio  = 2.5:1-1.75:1  with  NaOFI  concentration  5-42  wt%  and 
100%  output.  Crystals  of  4-6  mm  size,  commonly  as  equi-dimensional 
crystals  with  pinacoidal  and  rhombohedral  prisms  belonging  to  the  olivine 
type  structure  are  formed. 

NaRGe04  crystallizes  over  a broad  field  and  the  Ge09  / R203  = 
2: 1-1 : 1 in  the  NaOFI  solutions  of  5-80  wt%  with  100%  output.  Crystals  of 
5 mm  size  have  been  obtained.  This  compound  belongs  to  the  structure 
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type  olivine.  At  lower  pressures  and  temperatures  ( P = 3-20  atm  and  T = 
558-650°C)  in  theNaOH  rich  region  (>80  wt%)  for  groups  Nd-Eu.  phases 
belong  to  the  tetragonal  modification  and  the  crystals  are  plate-like,  thick, 
1-2  mm  in  size,  and  twinning  is  common. 

Na2RGe04(0H)  (where  R = La-Nd)  crystals  form  at  Ge02/R903  = 
1 :2  and  concentration  of  NaOH  > 6 wt%.  Crystals  have  equi-dimensional 
habit.  Output  of  100%  was  obtained  in  solutions  when  H20  < 10  %.  Na,R 
[Ge04](0H)  belongs  to  the  olivine  type  structures.  Thus,  for  La-Gd  group 
of  germanates  of  olivine  type  structures  in  NaOH  solution  the  follow- 
ing scheme,  with  an  increase  in  the  concentration  of  NaOH  has  been 
proposed: 

Eq.  (13)  NaR3[Ge04]2(0H)2  -»  NaR[Ge04]  -»  Na2R[Ge04](0H) 

In  spite  of  the  rearrangement  of  Na+  and  rare  earth  cations,  common 
olivine  type  motif  is  retained  over  a wide  interval  not  only  on  the 
concentration  of  NaOH,  but  also  the  ratio  of  Ge09/R203.  When  Ge09/ 
R903  > 3:1  in  20-90  wt%  NaOH  solutions’  complex  germanates  like 
Na9R6Ge8026  appear  for  Nd  and  Pr  representatives.  However,  the  output  is 

< 10  % and  crystals  are  small  (<  1 mm). 

When  Dy-Lu  are  used,  a slightly  different  picture  is  seen. 
NaR9Ge4O10  (OH),  NaRGe04  and  Na4R9Ge4013  are  the  characteristic 
phases.  NaR2Ge4O10(OH)  phase  crystallizes  in  < 10  wt  % NaOH  with 
Ge02/R203  = 1:2. 5-1:3. 

NaRGe04  -Orthogermanates  crystallize  in  the  R903  rich  region  in 
the  system  Na90-R903-Ge09-H20. 

In  Ge02rich  region,  for  Dy-Lu  groups  Na4R9Ge4013  is  the  char- 
acteristic phase  with  100  % out  put  in  30-60  wt%  NaOH  solutions  at  ratio 
Ge09/R203  = 2.5: 1—3: 1 . The  crystals  are  up  to  2 mm  in  size. 

Similarly,  the  rare  earth  germanates  have  been  synthesized  using 
aqueous  solutions  of  KOH  and  KF. 12061  Unfortunately,  Output  of  100%  has 
not  been  obtained  for  several  germanates.  Quite  often  two  or  three  phases 
crystallize  simultaneously.  All  the  KR-germanates  have  been  grouped 
into  two  structure  types:  K2R4[Ge4013](0H,F)4,  and  K4R2[Ge4013](0H,F)4. 
Figure  7.47  shows  the  phase  formation  of  rare  earth  germanates  in  the 
aqueous  solution  of  KF.  K9R4[Ge4013](0H,F)4  covers  Nd-Tb  rare  earth 
cations,  and  the  second  group  covers  Er-Lu.  When  R203/Ge02  ratio  is 

< 1:1,  the  resultant  product  always  carries  K4Ge9O20  in  the  form  of 
hexagonal  prism  and  plates.  Surplus  R203  gives  K2RF5  (R  = Tb-Lu)  and 
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related  phases.  The  boundaries  of  the  appearance  of  fluorides  depend  upon 
the  concentration  of  K and  the  type  of  rare  earth  ion.  The  expansion  of  the 
boundaries  of  K2RF5  and  K9R[Ge4013](0FI,F)4  slowly  moves  towards  La 
and  KF  solution  concentration  >45%,  and  the  crystallization  of  germanates 
practically  ceases.  The  crystal  size  decreases  sharply  towards  the  heavier 
rare  earth  elements,  so  that  the  Tb  representative  cannot  be  obtained  as 
good  single  crystals  of  sufficiently  large  size.  For  Er-Lu  groups 
K4R9[Ge8O20](OFl,F)2  type  is  obtained.  The  refinement  of 
K4Yb9[  Gc8O20](OH,F)2  structure  revealed  [Ge8O20]  radical.  The  rare  earth 
motif  is  represented  by  the  infinite  chain  from  rare  earth  octahedra  shared 
at  the  vertices. 

The  scandium  bearing  system  has  been  studied  in  detail.  Despite 
the  fact  that  it  does  not  cover  a wide  range  of  germanates  the  commonly 
observed  phases  are  for  example,  KScGe206,  K2Sc2Gc207(0H )2,  Sc2Ge207, 
Na4Sc2Ge4013,  Na2ScGe04(0Fl),  NaScGe206,  etc.  in  the  K20-Sc203- 
Ge09-H90  and  Na20-Sc903-Ge02-H90  systems  respectively.!35]!206]  Most 
of  these  phases  crystallize  independently  depending  upon  the  Ge09/ 
Sc203  ratio  and  the  concentration  of  the  alkaline  solution.  Figure  7.48 
shows  the  NC  diagram  of  crystallization  of  various  phases  in  the  K90- 
Sc203-Ge02-FI90  system.  Figure  7.49  (a-f)  shows  the  characteristic  pho- 
tographs of  rare  earth  germanates.!206]  Tables  7.19  and  7.20  give  the 
structure  types  of  alkali-free  rare  earth  germanates,  and  structure  types  of 
alkali-,  and  alkaline  earth  rare  earth  germanates,  respectively. 


/Fi&eQjR^l 


Figure  7.47.  Phase  formation  of  rare  earth  germanates  in  the  aqueous  solution  of 
KF.[206] 
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Figure  7.48.  NC-diagram  of  crystallization  of  various  phases  in  the  K20-Sc203 
Ge02-H20  system. [35] 


Figure  7.49.  The  characteristic  photographs  of  rare  earth  germanates.[206]  ( Cour- 
tesy of  L.  N.  Demianets.) 
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Table.  7.19.  Structure  Types  of  Alkali-free  Rare  Earth  Gcrmanatcs12061 


Rare  Earth, 

Compound 

Representative 

Cell 

Co.  No., 

Tetrahedral 

Rare  earth 

parameter 

Average 

radical  form 

polyhedra 

(A) 

bond 

distance  A 

R2[Ge04]0 

Sm2[GeC>4]0 

P2/C  z = 4 

orthotetra- 

framework 

R =La-Tb 

a = 9.4 
b = 7.2 
c = 6.9 
/3=  108° 

hedra 

R2[Ge04]0 

Er2[Ge04]0 

B2/  b z = 8 

orthotetra- 

framework 

R =Dy-Lu,Y 

a = 14.86 
b=  10.56 
c = 6.83 
7=122.10° 

hedra 

B2/  b z = 8 

Sc 

6 

2.09 

orthotetra- 

framework 

Sc2[Ge04]0 

a = 10.927 
b = 10.656 
c = 10.486 
7=  93.96 

hedra 

R4[Ge04]4 

La4[Ge04]04 

hexagonal 

orthotetra- 

R =La-Gd 

a = 10.54 
c = 7.63 

hedra 

R4[Ge04]4 

Nd4[Ge04]04 

Pmc2!  z = 4 

Nd 

8 

2.50 

orthotetra- 

framework 

R = Tb-Lu,Sc 

a = 7.475 
b = 5.757 
c = 17.927 

hedra 

tt.4.67[tje04]30 

P63/m  z = 2 

Dy 

7 

2.33 

orthotetra- 

framework 

R = La-Dy 

Dy467[Ge04]30 

a = 9.200 
c = 6.808 

Dy 

9 

2.40 

hedra 

H type 

P63/m  z = 2 

Sm 

7 

2.51 

orthotetra- 

framework 

R(OH)3  6R2. 

Sm(OH)3-6Sm2- 

a = 15.90 

Sm 

9 

2.48 

hedra 

[Ge04][0,(0H,F)2] 
R = Nd-Eu 

[Ge04]  [0,(OH,F)2] 

c = 6.98 

(Cont’d.) 
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Table.  7.19.  ( Cont’d.) 


Rare  Earth, 

Compound 

Representative 

Cell 

Co.  No., 

Tetrahedral 

Rare  earth 

parameter 

Average 

radical  form 

polyhedra 

(A) 

bond 

distance  A 

R2Ge207 

Er2Ge207 

P41212  z = 4 

Er 

7 

2.32 

diortho- 

framework 

R =Tb-Lu 

a = 6.778 
c =12.34 

groups 

Sc,Ge,07 

C2/m  z = 2 

diortho- 

layers 

a = 6.56 

groups 

from 

b = 8.690 

6-mem 

c = 4.900 
/3=  102.5° 

bered 

R4[Ge3O10] 

La4[Ge3O10] 

PI  z = 4 

La 

8 

2.56 

triortho- 

framework 

[Ge04] 

[Ge04] 

a =12.76 

group 

R = La-Pr 

b = 7.070 
c = 7.006 
a = 90.95° 
13=  90.35° 
/=  94.10° 

R4[Ge,O10] 

Gd4[Ge3O10] 

PI  z = 6 

Gd 

8 

2.48 

triortho- 

framework 

[Ge04] 

[Ge04] 

a =18.50 

group 

R = Nd-Gd 

b = 6.800 
c = 6.858 
a = 87.88° 
/3=  91.60° 
7=  94.55° 

R2Ge207 

R = Sc,  Yb 

Cubic 

octahedral 

framework 

a = 9.81 

framework 

R4Ge309(0H)6 

Sm4Ge309(OH)6 

Cmcm  z = 4 

Sm 

7 

2.30 

chains  from 

framework 

R = Sm,Er-Lu 

a = 15.195 

octahedra 

b = 10.909 

Sm 

8 

2.39 

connected 

c = 7.161 

with  ortho- 
tetrahalra 

Co.  No.  = Coordination  number 
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Table  7.20.  Structure  Types  of  Alkali-  and  Alkaline  Earth,  Rare  Earth 
Gcnuanatcs12061 


Compound 

Representative 

Cell 

parameter 

(A) 

Rare  Earth, 
Co.  No., 
Average 
bond 

distance  A 

Tetrahedral 
radical  form 

Rare  earth 
polyhedra 

NaR[Ge04] 

R = Sm-Lu,Y 

NaSm[Ge04] 

Pbn2j  z = 4 
a = 5.27 
b = 11.70 
c = 6.50 

Sm 

6 

2.36 

orth-tetra- 

hedra 

discrete 

polyhedra 

NaR[Ge04] 
R = La-Nd 

NaEu[Ge04] 

14/m  z = 8 
a =11.75 
c = 5.45 

orth-tetra- 

hedra 

framework 

NaR3[Ge04], 

(OH), 

R = Nd-Gd 

NaSm3[Ge04]2 

(OH)2 

Bb  z = 4 
a = 18.21 
b =12.15 
c = 5.27 
7=131.88° 

Sm 

Sm 

8 

7 

2.46 

2.47 

orth-tetra- 

hedra 

discrete 

polyhedra 

NaHo4[Ge04]2 
0,  (OH) 

Pnma  z = 4 
a = 6.75 
b =21.67 
c = 6.91 

Ho 

7 

2.33 

orth-tetra- 

hedra 

framework 

Na2R[Ge04] 
R = Pr-Gd 

Na,Pr[Ge04] 

Pnma  z = 4 
a = 9.52 
b = 7.48 
c = 6.98 

Pr 

8 

2.51 

orth-tetra- 

hedra 

framework 

NaiSclGeOJ 

(OH) 

P2tab  z = 8 
a = 12.34 
b = 13.78 
c = 5.53 

Sc 

6 

1.99- 

2.18 

orth-tetra- 

hedra 

ribbon 

LiNd  [Ge04] 

Pbcn  z = 4 
a = 5.096 
b =11.923 
c = 5.399 

Nd 

8 

2.486 

orth-tetra- 

hedra 

framework 

Me3R,[Ge04]3 
Me  =Sr,Ca 
R = Ho-Lu,Y 

Ca3Y,[Ge04]3 

Ia3d  z = 8 
a = 12.085 

orth-tetra- 

hedra 

Me,R3[Ge04]3Cl 
Me=Ca,Ba 
R = La,Ce 

Ca,Ce3[Ge04]3 

cf 

P63/m  z = 2 
a = 9.467 
c = 6.999 

orth-tetra- 

hedra 

( Cont’d.) 
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Table  7.20.  ( Cont’d.) 


Rare  Earth, 

Compound  representative  cell  Co.  No.,  tetrahedral  Rare  earth 

parameter  Average  radical  form  polyhedra 

(A)  bond 

distance  A 


K2Sc2[Ge,07](0H)2 

Pbcn  z = 4 

Sc 

6 

2.11 

diortho- 

framework 

a = 7.06 
b =11.35 
c =10.67 

groups 

Na4R2[Ge4013] 

Pna2j  z = 4 

Sc 

6 

2.12 

Tetra  - 

twinned 

R = Yb-Lu,Sc 

Na4Sc2[Ge4013] 

a =14.30 
b=  5.46 
c=14.65 

groups 

polyhedra 

K2R4[Ge4013] 

JO 

N 

II 

Nd 

7 

2.40 

Tetra- 

framework 

(OH,F)4 

K,Nd4[Ge4013] 

a = 6.821 

8 

2.53 

groups 

R = Pr-Gd 

(OH,F)4 

b = 7.438 
c =17.639 
7=121.33° 

N a,R,,|  ( iC'O-  j2 

PI  z = 2 

Pr 

7 

2.26- 

diortho- 

framework 

[Ge4012] 

Na2Pr6[Ge207]2 

a = 7.18 

2.61 

group  + 4 - 

R =Pr-Nd 

[Ge4012l 

b =11.61 

8 

2.41- 

membered 

c = 7.04 
a =98.92° 

2.71 

ring 

P =91.62° 
7=102.50° 

P2j/m  z = 2 

Yb 

6 

2.19 

tubular 

columns 

K4Yb2[Ge8O20] 

a = 12.105 

ribbons 

(OH,F)2 

b = 11.896 
c = 8.576 
7=  112.04° 

MRGe206 

NaScGe206 

Monoclinic 

metachain 

ribbons 

z =2 

with  a period 

M = K.Na 

a = 10.1 

of  2-tetra- 

R = Sc 

b = 9.1 
c = 4.7 
P=  108° 

hedra 

Na5RGe4012 

Na5GdGe4012 

R3c  z = 16 

12-memberei 

i discrete 

R = Gd-Lu.Y 

a =22.781 
c =12.994 

rings 

polyhedra 

MgLa2Ge06 

Pm3m 

Isolated 

a = 3.90 

octahedra 

Co.  No.  = Coordination  number 
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7.11.2  Zirconium  Germanates 

The  study  of  zirconium  germanate  crystallization  continues  to  be 
popular  under  hydrothermal  conditions.  Recently  the  number  of  sodium- 
zirconium  germanates  synthesized  under  hydrothermal  conditions  has 
increased  enormously.  In  the  Na,0-Zr02-Ge02-FF0  system,  the  follow- 
ing germanates  can  be  synthesized  (Fig.  7.50):  ZrGe04,  Na2ZrGe05  (Ge/ 


and  Na4Zr2Ge5016-H20  (Q,  5). 

The  subscript  of  letter  Q indicates  the  value  of  the  Ge/Zr  ratio  in 
the  solid  phase.  The  crystallization  regions  of  these  phases  are  shown  in 
Figs.  7.50  and  7.51  respectively.  Five  sodium-zirconium  germanates  were 
synthesized  in  the  system  NaoO-Zr02-Ge02-H90.  New  compounds  are 
marked  with  asterisks.  All  the  compounds  are  characterized  by  the  same 
Zr  and  Ge  coordination  and  in  all  the  compounds  zirconium  atoms  occupy 
octahedra,  while  germanium  atoms  occupy  tetrahedra. 

The  positions  of  phase  boundaries  (crystallization  of  individual 
compounds)  are  determined  by  the  NaOH  concentration  and  the  initial 
ratio  of  zirconium  and  germanium  oxides.  The  sequence  of  germanate 
formation  in  the  hydrothermal  Na,0-Zr09-Ge02-FI20  system  may  be 
represented  by  the  scheme  in  Fig.  7.52. 


ZrOj 


1 — jVa/Zrt*jdj; 

2 SatZr,CesO,i; 

3 

4 — MaiZrCeOs; 

6 - .VaiHZrCezOj, 


V 


ZrCe04  / 


2 


3 


4 


r 


6 Nql^HGqiO  4 1{  2O1 
8 - NatGeOyHiO 


Figure  7.50.  Crystallization  field  of  sodium  zirconium  germanets.1971 
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Figure  7.51.  Crystallization  field  of  sodium  zirconium  germanetsJ97! 


at 300°C : 


ZrGe04 » Na4Zr2Ge5016  H20  (Q,  5) » Na3HZrGe208  (Q2Na) 

at 400°C : 

> Na2ZrGe207  (Q2) 

ZrGe04 > Na4Zr2Ge5016  H20  (Q2  5) 

~ » Na3HZrGe208(Q2Na) 

at  500°C: 

■>  Na4Zr2Ge3012 

ZrGe04 > Na4Zr,Ges0|f,-H20  (Q2  5) » Na2ZrGe207  (Q2) 

I Na2ZrGe05  (Q3) 

Figure  7.52.  Reaction  scheme  of  germanate  formation  in  the  hydrothermal 
Na20-Zr02-Ge02-H20  system.!97! 
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The  formation  of  NaZr-  germanates  is  accompanied  by  a decrease 
in  the  coordination  numbers  of  Zr  from  8 to  6 in  all  NaZr-  germanates.  If 
we  pass  from  alkali-free  to  alkali-zirconium  germanates,  the  Ge02  /Zr02 
ratio  first  increases  in  a jump- wise  manner  and  then  decreases  to  the  initial 
minimum  value  equal  to  unity: 

Eq.  (14)  (q)  1 -»  2.5  ->  2 -»  1.5  -»  1. 

A decrease  in  the  Ge02/Zr02  ratio  is  reflected  in  a decrease  of  the 
condensation  of  germanium-oxygen  tetrahedra: 

n = 5,  [Ge5Oie]  island  chains  in  Na4Zr2Ge5016H20. 

n = 2,  [Ge207]  diorthogroups  in  Na,ZrGc207. 

n = 1,  [HGe04]  and  | Ge04]  type  tetrahedra  in  Na3HZrGe208. 

n = 1,  [Gc04]  tetrahedra  in  Na2ZrGe05  and  Na4Zr2Ge3012. 

The  germanate  system  has  no  compounds  analogous  to  silicates 
with  the  T00/ZiOt  ratio  = 3.  The  maximum  GcOVZiO,  ratio  is  equal  to 
2.5.  The  substitution  of  Si  by  Ge  results  in  the  change  of  the  structure  type 
of  alkali-free  compound  to  ZrGe04  crystallizing  in  the  scheelite  type.  The 
general  scheme  of  the  interaction  between  the  zirconium  and  germanium 
oxides  and  NaOH  solutions  at  high  temperatures  and  pressures  may  be 
represented  in  the  form: 


Zr02  (M)  f 
Eq.  (15) 


ZrO,  (T) 


ZrGe04 

[Ge04] 


Na4Zr7Ge5016H70 > Na2ZrGe207 

[Ge,Ol(>]  ‘ [Ge2Q7] 


GeO,  (T)  f 
[Ge06] 


Ge02(H) 

[Ge04] 

| 

Na3HZrGe708 > Na4Zr2Ge3012 » Na2ZrGe05. 

[Ge04]  [HGe04]  [Ge04j  ~ "[GeQ4f 
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The  sequence  of  the  formation  of  NaZr  and  Na  germanates  reflects  a 
general  trend  in  the  decondensation  of  Ge-0  radicals  with  an  increase  of 
the  alkali  content  in  the  system.  The  formation  of  each  subsequent  phase 
in  the  chain  accompanied  by  the  separation  of  Ge02  either  participates  in 
the  formation  of  the  accessory  phase  or  remains  in  the  solution: 

Na4Zr2Ge5016H20  — > 2Na2ZrGe207  + Ge02  + H20 

3Na4Zr2Ge5016H20  — > 4Na3HZrGe208  + 2Zr02  + 5Ge02  + H20 

3Na9ZrGe207  — > 2Na3HZrGe908  + Zr02  (mGe00  = const) 

2Na2ZrGe207  — > Na4Zr2Ge3012  + Ge02 

Na4Zr2Ge3012  — > 2Na2ZrGe05  + Ge02 

As  the  NaOH-content  increases  in  the  solution  we  get: 

2Zr02  + 5Ge02  + 4NaOH  — > Na4Zr2Ge5016  H20  + H20 

2Na4Zr2Ge5016  H20  + 2NaOH  — > 5Na2ZrGe207  + Ge02  + Zr02  + 2H20 

Na9ZrGe207  + NaOH  — » Na3HZrGe908 

n 

Na4Zr2Ge3012  + GeO,  + 2NaOH 

I I 

4 

Na9Ge03H70. 

The  above  reactions  permit  one  to  draw  a conclusion  that  the 
stable  crystallization  of  different  phases  in  the  above  sequence  which  was 
observed  with  an  increase  in  the  NaOH  content  will  also  proceed  with  a 
decrease  in  the  Ge02  content  at  sufficiently  high  Na20  content  in  the 
system. 

The  systematic  study  of  hydrothermal  crystallization  in  the  sys- 
tems Na-,0-M00-Ge02-HoO  (M  = Ti,  Zr,  and  Hf)  revealed  the  main 
regularities  of  germanate  formation  and  growth.  In  these  systems  com- 
pounds having  both  network-  and  no-network  structure  can  be  obtained. 
For  the  compound  having  network  the  value  q = Ge/M  can  be  equal  to  1, 
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1.5,  2,  2.5;  the  value  p = Na/M  being  equal  to  2.  In  germanates  without 
network  structure  q - 1 and  1.25,  p - 1,  1.5,  2,  and  3. 

In  the  network  NaZr-  germanates,  the  degree  of  Ge-tetrahedra 
condensation  increases  from  n = 1 till  n = 5.  For  the  network  NaZr- 
silicates  which  have  no  germanate  analogs,  the  new  crystallization  branch 
takes  place  (the  formation  of  the  phases  withg  = 3;  3;  6 ,«  = 3 and°o).  Such 
change  in  n-value  is  connected  with  the  change  of  secondary  structural 
units.  The  analysis  of  the  crystal  structure  of  the  synthesized  phases  leads 
to  the  conclusion  that  the  structural  unit  common  to  all  sodium -zirconium 
germanates  is  a centrosymmetric  closed  dimer  grouping  of  two  Zr- 
octahedra  and  two  Ge-tetrahedra,  M2T2,  which  occupy  the  regular  point 
system  in  the  centrosymmetric  groups.  During  structural  rearrangement 
such  groups  link  in  another  way.  For  silicates  the  cyclic  dimer  M2T4  is 
typical.1 197!  [2°6] 


7.11.3  Zincogermanates 

Hydrothermal  growth  of  zincogermanates,  although  not  as  popu- 
lar as  that  of  zincosilicates,  have  been  studied  in  detail.  The  appreciable 
solubility  of  sodium  zinc  germanate  in  water  solutions  of  caustic  soda  at 
elevated  temperatures  and  pressures  allows  its  preparation  in  the  form  of 
coarse  well-formed  crystals,  the  sizes  of  which  amount  to  some  cubic 
centimeters. 

In  the  majority  of  the  experiments,  the  synthesis  of  sodium  zinc 
germanate  was  carried  out  in  the  presence  of  Mn2+  ions  in  the  solution 
with  the  aim  of  preparing  crystals  activated  by  Mn2+.  It  is  well-known  that 
Mn2+  is  widely  used  as  an  activator  for  the  preparation  of  various  zinc 
silicate  phosphors.  Like  in  zincosilicates,  zincogermanates  in  the  presence 
of  Mn2+  exhibit  photo-,  electro-,  cathode-,  x-ray,  and  thermo-lumines- 
cence. Among  the  zincogermanates,  only  the  Na2ZnGe04  phase  is  very 
popular  and  well  studied.  Similarly,  Na2CoGe04  has  been  studied  in  detail 
owing  to  its  interesting  piezoelectric  and  pyroelectric  properties.  [207H21°] 

In  contrast  to  the  Na^-ZnO-GeOj-HoO  system,  the  Cd  system, 
not  only  does  a change  in  the  alkali  concentration  in  solution  leading  to  an 
exchange  of  the  crystallization  phases,  but  the  phase  boundaries  are  also 
substantially  displaced  as  the  Cd:Ge  ratio  alters.  For  surplus  Ge02  in  pure 
water,  only  the  rutile  form  of  the  oxide  crystallizes,  together  with  a 
cadmium  germanate  with  CdO:GeO,  = 1:2.  As  the  amount  of  CdO  in  the 
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system  increases,  the  amount  of  free  Ge02  in  the  crystallization  products 
diminishes.  The  cadmium  germanate  CdGe205  remains  as  a stable  solid 
phase  up  to  a ratio  of  CdO:Ge02  = 1:1.  Further  increasing  of  the 
cadmium  content  leads  to  the  formation  of  an  olivine-like  phase 
Cd9Ge04,  and  this  remains  dominant  in  the  phase  diagram  of  the 
systemd207!  The  Na20-Cd0-Ge07-H20  has  yielded  eight  crystalline  phases 
under  hydrothermal  conditions. !207!!211!!212!  The  other  germanates  of  inter- 
est are  lead  germanates,  alkali  gallium  germanates,  antimony  germanates, 
neobium  germanates,  alkali  aluminogermanates  beriurn  germanater  bis- 
muth germanates,  titanogermanates  and  so  trn. 12 1 3 1-[2 1 o | 

Most  of  these  germanates  show  interesting  physical  properties. 
Flence,  a systematic  understanding  of  germanate  phases  obtained  from  a 
wide  variety  of  germanate  systems  will  be  of  great  interest  in  solid  state 
science. 


7.12  PROPERTIES  OF  GERMANATES 

Amongst  germanates,  rare  earth  germanates  and  LISICON 
[Li14Zn(Ge04)4]  have  been  studied  extensively  owing  to  their  unusual 
physical  properties.  Most  of  the  germanates,  especially  rare  earth 
germanates,  have  very  high  melting  points,  high-density  and  refractive 
indices.  Table  7.21  gives  the  physico-chemical  properties  of  some  rare 
earth  germanates d2061  Electrical  and  magnetic  properties  have  been  stud- 
ied for  oxyorthogermanates,  R9Ge05  and  diorthogermanates,  R9Ge907. 
These  studies  confirm  that  R9Ge05  and  R2Ge907  belong  to  a class  of 
dielectrics.!220!  The  Srn  and  La-bearing  germanates  are  diamagnetic.  The 
magnetic  transition  temperatures  for  oxyortho-  and  diorthogermanates  are 
as  follows;!221! 

Tb2Ge207  = 2.05  ± 0.05  K 

Dy2Ge207  = 2.15  + 0.05  K 

Ho2Ge207  = 1.45  ± 0.05  K 

Er2Ge207  = 1.15  ± 0.05  K 

Dy2Ge05  = 2.50  + 0.10K 


Er2Ge05  = 1.25  + 0.10  K 
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Table  7.21.  Physico-chemical  Properties  of  Some  Rare  Earth  Gcnnantcs|20f>| 


Compound 

d,  g / cm3 

Melting  temp. 
(T°C) 

Reference  Indices 

La2Ge05 

5.97 

1800 

1.940 

Nd2Ge05 

6.55 

1820+  25 

1.948 

Gd2Ge05 

7.07 

1.880 

1.941 

Y2Ge05 

4.83 

1975+ 15 

1.848 

Er2Ge05 

7.28 

2000+  50 

1.904 

La4Ge08 

6.30 

1720* 

1.973 

Gd4Ge08 

7.77 

1650* 

1.975 

Y4Ge08 

5.10 

2000 

1.887 

Er4Ge8 

8.02 

1600** 

1.93 

La4  g-yfGeO^ 

5.89 

1770 

1.930 

LaiGe907 

5.67 

1680* 

1.900 

Nd2Ge207 

6.16 

1820+  25* 

— 

Gd2Ge207 

6.70 

1770 

1.922 

Y2Ge207 

4.69 

1800+  25 

1.840 

a-Er,Ge207 

6.99 

1875+50 

1.890 

/3-Er2Ge207 

— 

— 

1.938 

SciGeo07 

4.46 

1850 

1.847 

LaiGe309 

5.94 

1300 

1.995 

* with  decomposition.  **  with  decomposition  in  solid  phase. 


Most  of  the  works  on  the  investigations  of  physical  properties  of 
rare  earth  germanates  deal  with  the  luminescence  properties.  Their 
emission  and  absoiption  spectral  characteristics  have  been  studied  in 
great  detail.  Figure  7.53  shows  the  luminescence  spectra  of  NaEuGe04 
and  NaTbGe04.[222]  Figure  7.54  shows  the  excitation  spectrum  of 
NaGd3[Ge04]2(0H)2:  Tb3+(2.5%).[223] 

Several  lithium  germanates  have  been  reported  to  show  high  ionic 
conductivity.  Amongst  them,  Li14Zn(Ge04)4  is  a very  well-known  Li+  ion 
conductor.  This  one  phase  of  the  solid  solution  phase  between  Li4Ge04- 
Zn9Ge04is  popularly  known  as  LISICON.  The  electrical  conductivity 
of  LISICON  is  4 x 10'3  O'1  cnr1  at  500  K,  but  it  decreases  to  < 10'6  O'1 
cm-1  at  room  temperature.1207112081  Similarly,  the  alkali  rare  earth  germanates 
exhibit  very  good  ionic  conductivity  on  par  with  their  rare  earth  silicates 
counterparts.  [82][831 
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Figure  7.53.  Luminescence  spectra  of  NaEuGe04  and  NaThGc04J222i 


Figure  7.54.  Excitation  spectrum  of  NaGd3[Ge04]i(0H).,:  Tb3+(2.5%) 
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7.13  HYDROTHERMAL  GROWTH  OF  PHOSPHATES 

From  the  time  of  its  discovery,  hydrothermal  technique  was 
known  for  the  synthesis  of  silicates.  In  the  19th  century,  hydrothermal 
technique  was  included  under  silicate  technology.  Next  to  silicates,  it  was 
the  oxides  and  hydroxides  of  various  metals  that  dominated  the  hydrother- 
mal technology  during  the  late  19th  and  early  20th  centuries.  Subsequently, 
germanates,  sulphides,  and  carbonates,  etc.,  became  popular.  However, 
the  growth  of  phosphates  by  hydrothermal  technique  was  not  attempted 
for  a long  time.  It  was  only  during  the  1950s  that  hydrothermal  technique 
was  tested  for  the  synthesis  of  phosphates, [225]  and  up  to  the  1980s  there 
were  only  scanty  reports  on  the  synthesis  of  phosphates  by  hydrothermal 
technique.  Today,  the  situation  has  changed  dramatically.  Hydrothermal 
growth  of  phosphates  is  much  more  popular  than  the  hydrothermal  growth 
of  any  other  compound.  A large  variety  of  phosphates  starting  from  simple 
ortho-  to  the  most  condensed  or  ultra-phosphates  containing  a wide  range 
of  elements  have  been  obtained.  This  is  probably  due  to  the  improved 
instrumentation  techniques  and  the  discovery  of  aluminophosphate  zeo- 
lites. Further,  the  success  in  the  growth  of  various  phosphates  has  prompted 
the  hydrothermal  researchers  to  synthesize  other  inorganic  compounds 
hitherto  unattempted.  Similarly,  it  is  appropriate  to  state  that  the  success  in 
the  growth  of  phosphates  has  led  to  the  understanding  of  hydrothermal 
crystallization  mechanism  for  various  inorganic  compounds.  It  ultimately 
has  set  a new  trend  in  the  synthesis  of  inorganic  compounds  under  mild 
hydrothermal  conditions. 

There  is  a growing  interest  in  the  study  of  phosphates  in  the  last 
two  decades  owing  to  their  widespread  application,  e.g.,  piezoelectric, 
luminescent,  magnetic,  superionic,  ceramic,  solid  state  laser,  ulter-low 
thermal  expansion,  nonlinear  optic,  moisture  sensors,  as  hosts  for  actinide 
ions,  and  so  on,  in  modern  technology.  Similarly,  phosphate  minerals  are 
the  important  source  materials  of  almost  all  the  rare  earth  elements.  Thus, 
the  phase  equilibria  studies  in  phosphate  systems  help  to  understand  the 
interaction  between  various  metals  and  P205,  and  it  might  give  possible 
clues  to  separate  these  rare  earth  elements  from  phosphate  minerals  and 
also  to  understand  their  genesis.  It  is  interesting  to  note  that  there  are  over 
300  phosphate  minerals  in  nature  that  have  been  classified  into  various 
groups  depending  upon  the  cationic  elements  present  in  them.!226!  The 
phosphates  containing  rare  earth  elements  represent  the  smallest  group 
having  only  15  minerals,  out  of  which  4 are  anhydrous:  monazite-(Ce,  La, 
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Y,  Th)P04;  xenotime-YP04;  cheralite-(R,  Ce,  Th)P04  and  vitosite- 
Na3R(P04)[227]  (a  recently  reported  mineral  from  Lovozerskii  alkaline 
mass),  where  R is  rare  earth  element.  It  is  interesting  to  note  that  all  the 
naturally  occurring  phosphates  are  represented  by  one  anionic  group — 
orthophosphate.  Although  a wide  range  of  physico-chemical  condi- 
tions exist  in  nature,  we  find  phosphate  minerals  without  poly-,  pyro-, 
meta-,  ultra-,  etc.,  types,  unlike  the  silicate  minerals  with  a very  wide 
variety  of  condensed  silicates  like  meta-,  poly-,  soro-,  phyllo-,  etc.  The 
reasons  for  the  absence  of  condensed  phosphates  in  nature  are  not  clearly 
known.  In  order  to  understand  the  peculiarities  among  natural  phosphate 
minerals,  one  has  to  synthesize  them  in  the  laboratory  by  simulating  the 
natural  conditions.  However,  the  synthesis  of  phosphates  was  started 
neither  to  understand  the  peculiarities  in  nature  nor  to  use  them  in  technol- 
ogy. The  first  work  on  the  synthesis  of  phosphates  began  in  the  19th 
century  by  Berstelius  in  1816d228]  He  synthesized  sodium  pyrophosphate 
artificially  for  the  first  time.  In  1889,  K.  R.  Johnson  obtained  LaP5014 — 
the  first  artificial  rare  earth  phosphate. I229l  However,  the  works  on  the 
synthesis  of  inorganic  phosphates  or  their  growth  as  monocrystals  at- 
tracted less  attention.  Even  after  the  beginning  of  the  synthesis  of  various 
types  of  rare  earth  phosphates  from  the  early  40s|23°11231 ! up  to  early 
70s[232][233]  the  interest  was  confined  only  to  the  studies  concerning  the 
x-ray  and  morphological  analyses.  The  first  technological  phosphate  ma- 
terial was  KDP,  which  was  first  obtained  during  the  1940s  for  telecommu- 
nication purpose.  The  interest  on  this  material  continues  to  progress. 
Except  this,  virtually  phosphates  did  not  carry  any  technological  signifi- 
cance for  a very  long  time.  However,  a systematic  study  of  rare  earth 
phosphates  began  in  the  1970s  with  the  developments  in  the  field  of 
communication  and  the  problems  associated  with  the  miniature  sources  of 
light,  particularly  lasers  based  on  dielectrics.  Until  recently,  these  materi- 
als contained  a low  concentration  of  active  ions,  which  was  a major 
obstacle  in  the  attempts  to  use  them  in  opto-electronics. 

In  1973,  laser  beams  were  obtained  from  NaP5014  crystal  contain- 
ing 3.86  x 1012  ions  of  neodymium  atoms/cm3. [234][235]  Such  a high 
concentration  of  active  ions  led  to  the  further  decrease  in  size  of  the  laser 
crystal  to  tens  of  micromillimeters.  An  analogous  effect  was  found  in  the 
monocrystals  of  MNd(P03)4  (where  M = Li,  Na,  K),[236k237]  Na3Nd 
(PO4)0,l238!  K3Nd(P04U, 12391  etc.  Prior  to  the  development  of  these  rare 
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earth  phosphates,  laser  beams  were  obtained  in  crystals  mostly  YAG:Nd 
containing  only  2-3%  of  active  ions  mostly  as  dopants,  but  not  as  the 
stoichiometric  components.  Today  it  has  become  a flourishing  field  in 
science  and  technology,  particularly  in  the  field  of  fiber-optic  communi- 
cation. In  1976,  the  authors12401  reported  a three  dimensional  high  ionic 
conductivity  in  NASICON  (Na1+xZr9SixP3_xOp;0  < x < 3)  type  of  phos- 
phate which  is  isostructural  with  Na3Sc2P3O12.[240  Later  on  ionic  conduc- 
tivity was  reported  in  some  other  rare  earth  phosphates  like  RbNdP40 , 2, |242i 
CsNdP40,,|228H244l  etc.  Since  NASICON  has  some  problems  like  non- 
stoichiometry, nonavailability  of  single  crystals,  and  highly  complex 
structures,  there  is  a search  for  new  materials  with  simple  structures.  The 
rare  earth  phosphates  containing  other  elements  like  sodium,  transitional 
elements  and  some  alkaline  earth  elements  are  found  to  be  the  ideal 
substitutes  for  NASICON. [2441  In  all  these  materials  the  ionic  conductiv- 
ity, the  optical  properties  and  so  on  depend  mainly  upon  the  type  of  cation 
and  the  crystalline  structure.  However,  the  structures  of  many  new  solid 
electrolytes  are  yet  to  be  studied  because  of  the  nonavailability  of  these 
materials  in  the  form  of  single  crystals.  It  is  well  known  that  the  rare  earth 
phosphates  exhibit  island,  ribbon,  layered,  ring,  and  framework  types  of 
structures,  which  are  highly  distorted  with  a very  wide  variation  in  P-0 
bond  lengths.  The  inter-isolation  of  the  rare  earth  polyhedra  in  most  of  the 
rare  earth  phosphates  and  the  distortion  of  the  overall  structures  are 
mainly  responsible  for  the  presence  of  luminescence  and  ionic  conductiv- 
ity in  these  materials.  The  activation  energy  and  ionic  conductivity  depend 
upon  the  radii  of  the  rare  earth  cation. |245l  The  study  of  ionic  conductivity 
in  condensed  phosphates  needs  a thorough  knowledge  of  crystalline  struc- 
ture, which  insists  on  single  crystals.  Similarly,  rare  earth  phosphates, 
particularly  orthophosphates  have  very  high  melting  points  (2300-2500°C) 
and  they  are  known  as  high-temperature  ceramics  in  addition  to  their 
common  names  like  color  luminophors  and  scintillators.  Much  recently, 
magnetic  properties  have  also  been  reported  in  some  orthophosphates.  All 
these  properties  have  not  been  understood  precisely.  Therefore,  the  growth 
of  these  materials  in  the  form  of  single  crystals  is  highly  desirable  to 
understand  various  physical  characteristics.  There  may  be  over  1000 
reports  on  the  synthesis  of  phosphates  bearing  rare  earth  elements,  alkali, 
alkaline  earth  and  transitional  elements.  One  third  of  them  might  deal  with 
hydrothermal  technique. 
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7.13.1  Structural  Chemistry  of  Rare  Earth  Phosphates 

The  formation  of  a wide  variety  of  phosphates,  particularly  rare 
earth  phosphates  is  connected  with  the  reaction  susceptibility  of  phosphoro- 
oxygen  anions  to  give  various  degrees  of  condensation.  As  a result  of  such 
reactions  among  the  phosphoro-oxygen  anions,  there  develops  bridging 
oxygen  bonds  -P  - O - O - P-  forming  pyrophosphates — [P207] — 
initially  followed  by  more  complex  linear  anions  like  [Pn03n+1],  rings 
like  [Pn03n]  (n  < 3),  etc.  It  is  extremely  difficult  to  classify  phosphates 
unlike  silicates,  because  of  high  complexity  in  the  phosphates’  internal 
structures.  For  example,  a recently  reported  structure  of  (NH4)2Cc(P0  3)5 12461 
has  two  infinite  crystallographically  nonequivalent  (P03)_  chains,  one 
running  parallel  to  the  ‘a’  -axis,  the  other  along  ‘c’  -axis,  both  with  a 
period  of  five  tetrahedra.  This  compound  is  the  first  example  of  a long 
chain  polyphosphate  with  crystallographically  independent  chains  and 
such  a peculiarity  has  not  been  reported  in  silicates  or  germanates  so  far. 

The  phosphorus  atoms  participate  in  the  form  of  phosphoro- 
oxygen  anions  [FFPOJ1,  [HP04]"2,  and  [P04]_1  in  the  reactions  forming 
respective  phosphates.  The  [POJ  3 anions  are  less  reaction  susceptible 
among  these  three,  and  that  makes  the  solid  state  synthesis  difficult. 
Therefore,  ammonium  phosphates  are  used  in  the  solid  phase  synthesis. 
The  acidic  phosphoro-oxygen  anions  easily  take  part  in  the  reactions 
during  heating  and  in  fact,  high  reaction  susceptibility  of  acidic  phosphoro- 
oxygen  anions  serve  as  a basis  in  working  out  various  methods  of  obtain- 
ing rare  earth  phosphates  with  a particular  reference  to  the  highly  con- 
densed ultraphosphates. [24?1  With  a slow  dehydration  of  acid  orthophos- 
phate anion  there  occurs  the  removal  of  the  (OH)1  ions  and  the  condensa- 
tion of  phosphoro-oxygen  anions.  This  was  a popular  method  even  in  the 
19th  century,  but  for  a long  time  the  mechanism  of  the  process  remained 
unclear.  Growth  conditions  for  the  required  phosphate  anions  were  se- 
lected empirical  and  compelled  to  participate  in  the  reactions.  However, 
higher  the  degree  of  condensation  of  phosphate  anion  the  more  difficult  it 
is  to  ascertain  the  growth  conditions.  The  process  is  quite  complicated  and 
very  often  results  in  the  formation  of  a mixture  of  various  degrees  of 
condensed  anions.  McGilvery  and  Scott  (1957)  concluded  that  water 
molecules  play  a distinct  role  in  the  dehydration  process,  particularly  its 
concentration  influences  not  only  on  the  rate  of  reaction  but  also  on  the 
stability  of  various  phosphate  anions.  I248]  For  the  benefit  of  a reader  we 


Coordinated  Complex  Crystals  Part  I 523 


have  described  the  hydrothermal  growth  of  phosphates  containing  rare 
earth  elements  followed  by  transitional  elements. 

7.13.2  Hydrothermal  Growth  of  Rare  Earth  Phosphates 

The  first  work  on  the  hydrothermal  synthesis  of  rare  earth  phos- 
phates was  by  Anthony  (1957),  who  synthesized  monocrystals  of  mona- 
zite,  CeP04  from  aqueous  solutions  of  85%  H3P04  at  300°C  using  teflon 
liners. [225]  Carron  et  al.  (1958)[249J  have  described  the  formation  of  rare 
earth  orthophosphates  from  HC1  solutions  at  105-300°C  and  at  pressure  of 
90  atm.  A more  systematic  work  on  the  hydrothermal  synthesis  of  rare 
earth  orthophosphates  was  earned  out  by  Carron  et  al.  ( 1 9 5 8). 12501  How- 
ever, there  was  a break  in  the  activity  of  the  hydrothermal  synthesis  of  rare 
earth  phosphates  until  the  1980s.  This  was  mainly  connected  with  the  lack 
of  growth  technology,  high  volatility  of  phosphorus  at  higher  tempera- 
tures, high  reaction  susceptibility  of  phosphorus,  corrosive  nature  of 
phosphorus  at  higher  temperatures,  etc.  The  experiments  on  the  hydro- 
thermal  synthesis  of  phosphates  can  not  be  carried  out  at  temperatures  > 
500°C,  because  phosphorus  corrodes  even  the  metals  like  Pt,  Ir,  Mo,  Au 
and  Ni.  Some  of  these  problems  could  be  overcome  using  a teflon  or 
vitreous  carbon  glass  liners.  However,  the  main  drawback  in  using  these 
liners  is  sealing.  If  one  can  seal  the  glassy  carbon  liners  by  some  means, 
the  growth  of  pure  phosphates  can  be  carried  out  even  at  higher  tempera- 
tures by  hydrothermal  method.  Similarly,  the  use  of  teflon  liners  is  again  a 
problem,  because  it  cannot  be  used  beyond  300°C  and  200  atm.  Of  course, 
pressure  can  be  slightly  increased  by  means  of  a counter  balance  tech- 
nique, i.e.,  by  creating  the  same  pressure  between  the  autoclave  walls  and 
inside  the  liner.  These  problems  have  been  discussed  in  great  detail  by 
Byrappa  and  Gopalakrishna  (1985), [250  Byrappa, l252l  and  Rabenau 
(1984).l253l  Byrappa  and  Gopalakrishna  (1985)  have  studied  the  rare  earth 
phosphate  system  Na20-R203-Zr02-P205  [251] 

The  first  ever  report  on  the  study  of  phase  equilibria  in  the  rare 
earth  phosphate  system  on  the  whole,  appeared  in  198 1 ,12541  where  the 
phase  equilibria  in  the  system  Nd203-P205-HoO  at  500°C  under  100  MPa 
and  the  synthesis  of  NdP5014  crystals  were  studied.  This  is  also  the  first 
phosphate  system  studied  hydro  thermally.  All  the  earlier  reports  deal  with 
only  a part  of  the  phase  diagram.  The  starting  materials — Nd903,  P202, 
and  85%  H3P04  solution — were  taken  in  definite  amounts  within  a 
sealed  golden  capsule.  Although  this  method  has  been  included  in  the 
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hydrothermal  method  by  the  Japanese  workers,  the  partial  pressure  of 
water  under  these  conditions  was  always  low  and  often  less  than  1 atm. 
Therefore,  it  can  be  considered  as  a special  case  of  the  hydrothermal 
method.  This  report  was  followed  by  another  publication, [255J  which  deals 
with  the  hydrothermal  synthesis  of  mixed  phosphates  of  neodymium  and 
alkaline  metals  (M90.  Nd903-4P905).  Here,  the  authors  have  studied  the 
phase  formation  in  the  alkaline  rare  earth  phosphate  system  (M90-Nd903- 
P905-H20,  where  M-Li,  Na,  K,  Rb,  and  Cs)  under  hydrothermal  condi- 
tions in  the  temperature  and  pressure  range  300-700°C  and  0.5-600  atm 
respectively  using  vitreous  carbon  glass,  teflon  and  platinum  liners.  The 
system  is  a four  component  one  with  temperature  and  pressure  as  con- 
stants. According  to  the  Gibb’s  phase  rule  at  the  invariant  equilibrium 
only  four  phases  can  exist  (NdP04,  NdP309,  NdP5014,  and  MNdP4012). 
The  variation  in  the  concentration  of  phosphorus  and  alkaline  metal 
oxides  determines  the  fields  of  crystallization  of  different  phases  in  the 
composition  diagram.  According  to  Le  Chatalae’s  principle  the  increase 
in  the  potential  of  M90  (P905)  provides  the  reaction  taking  place  with  the 
absorption  of  this  component.  The  following  reactions  can  explain  the 
various  nonvariant  point  in  the  ternary  phosphate  systems: 

NdP04  + P205  + G,  — Nd(P03)3  + G2 

2 NdP04  + M20  + P205  + G32—  MNdP4012  + G4 
Eq.  (16)  Nd(P03)3  + P205  + G5  ^ NdP5014  + G6 

2 Nd(P03)3  + M20  + P205  + G7  -**  2 MNdP4012  + Gg 

2 NdP5014+  M20  + G9^2  MNdP4012  + P205  + G10 

where  G is  a liquid  phase  having  transitional  composition.  The  presence  of 
a divariant  field  of  stability  of  MNdP4012  (Fig.  7.55)  indicates  the  possi- 
bility of  growing  these  crystals  from  solutions  with  variable  concentra- 
tions of  phosphorus  and  alkaline  metals.  The  relevant  empirical  AB- 
diagrams  of  fields  of  crystallization,  where  A = M90/Nd203,  B = P205/ 
M90  + Nd203,  are  given  in  Fig.  7.56.  The  dependence  of  PT-conditions 
and  the  equilibrium  state  of  the  system  has  been  studied  (Fig.  7.57  and  Fig. 
7.58).  It  is  observed  that  with  changes  in  temperatures,  there  will  be 
different  polymorphic  modifications  of  tetraphosphates.  In  hydrothermal 
systems,  the  pressure  measured  corresponds  to  the  pressure  of  aqueous 
solutions  and  its  influence  on  crystallization  process  is  quite  important.  At 
a constant  temperature,  it  increases  with  reference  to  the  molar  fraction  of 
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the  water.  In  the  pressure  range  of  1-600  atrns,  the  boundaries  of  phase 
formation  do  not  change.  In  this  case,  the  changes  in  phase  formation  take 
place  only  during  changes  in  the  concentration  of  water  in  the  ampoule. 
With  an  increase  in  the  molar  fraction  of  water  the  following  phase 
transformation  takes  place: 

MNdP4012  ->  NdP309  ->  NdP04 
Eq'  (17)  NdP5014  -»  NdP30Q  -»  NdP04 

Using  these  results,  Byrappa  et  al.  (1990)  reported  on  the  hydro- 
thermal  growth  of  TmP5014  crystals  under  mild  hydrothermal  condi- 
tions.12561 The  crystal  size  was  much  higher  and  crystals  were  well  faceted 
than  the  crystals  obtained  by  Yoshimura  et  al.  (1981  ).|254i  The  important 
aspect  of  this  work  is  the  growth  of  ultraphosphates  under  mild  hydrother- 
mal conditions  (T  = 240°C,  P = < 100  bars).  The  autoclaves  used  were 
simple  Morey  type  provided  with  teflon  liners.  The  crystallization  was 
carried  out  through  spontaneous  nucleation. 


Figure  7.55.  Composition  diagram  for  the  system  Me20-Nd203-P205  -H2OJ251 1 
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FJ205/KzO  + Ndz03 


(b) 


Pz05/Pb20  + Nfl203 

(C) 


Figure  7.56.  AB  diagram  of  crystallization  in  (a)  Cs20-Nd203-P205-H20:  (b) 
K^O-NdjC^^Oj-HjO:  (c)  Rb20-Nd203-P205-H20  systems. [256] 
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Figure  7.57.  Phase  transformation  with  reference  to  the  changes  in  PT 
conditions. t257^ 
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Figure  7.58.  Phase  transformation  with  reference  to  the  changes  in  PT 
conditions. t257] 
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This  is  an  important  conclusion,  particularly  for  geoscientists  to 
explain  the  possible  reasons  for  the  absence  of  condensed  phosphates  in 
nature.[257]  The  experiments  carried  out  under  hydrothermal  conditions 
showed  that  when  6 atrns,  crystallization  of  polyphosphates  or 

ultraphosphates  ceases  and  is  replaced  by  crystallization  of  simple  ortho- 
phosphates irrespective  of  the  temperature  of  the  system.  Similarly,  even 
an  increase  in  the  concentration  of  M-,0  in  the  system  leads  to 
decondensation,  and  ultraphosphates  having  a highly  condensed  state  or  a 
complex  anionic  structure  [P5014]  disappear  from  the  products  of  crystal- 
lization and  are  replaced  by  polyphosphates  with  radicals  [P207],  [P309], 
[P4012],  and  finally  [P04].  These  experiments  demonstrate  that  the  struc- 
tures of  condensed  phosphates  are  not  stable,  at  least  not  in  the  presence  of 
water.  It  is  well-known  that  the  magmatic  or  the  post-magmatic  processes 
of  mineral  formation  are  always  accompanied  by  a certain  amount  of 
water  and  proceed  in  the  presence  of  many  types  of  metals.  These  are  the 
conditions  for  the  formation  of  orthophosphates  and  not  condensed  phos- 
phates.!257! From  the  above  studies,  it  is  clear  that  only  the  hydrothermal 
method  of  studying  alkaline  rare  earth  phosphate  systems  revealed  the 
formation  of  various  phosphates  depending  upon  the  PT-conditions. 

The  growth  of  rare  earth  phosphates  in  the  form  of  single  crystals 
is  very  interesting  owing  to  the  high  reaction  susceptibility  of  phosphorus 
and  the  easy  formation  of  phosphoro-oxygen  radicals  in  a given  system. 
For  example,  any  anionic  group  of  Nd-phosphate  can  be  readily  obtained 
from  phosphoric  acid  solutions.  In  the  liquid,  from  which  the  Nd-phos- 
phates  grow,  Nd  should  be  dissociated  to  form  individual  ions.  For  this 
puipose  usually  concentrated  solutions  or  alkali  melts  are  used.  However, 
the  process  of  Nd  dissociation  often  carries  a reversible  character  and  the 
phase  develops  with  Nd  ions  in  the  condensed  pattern  during  the  crystalli- 
zation— for  example,  as  in  NdP309J258!  In  order  to  achieve  this,  it  is 
necessary  that  in  the  process  of  crystallization  the  Nd  ions  are  to  be  held  in 
a dissociated  state,  i.e.,  in  the  form  of  a nezoite  complex  (Fig.  7.59).  A 
shell  of  ligands  around  Nd  prevents  the  ions  from  inter-condensation  and 
allows  them  to  enter  the  crystal  lattice  as  isolated  ions.  These  ligands 
which  often  occur  as  tetrahedral  oxy-anions  |T04|  is  the  formation  of  a 
nezoite  complex  of  type  NdT8024,  where  T = S,  P,  W,  Mo,  etc.!259!  Thus, 
to  obtain  nezoite  crystals,  it  is  first  necessary  to  bring  Nd  ions  into  a 
dissociated  state,  followed  by  creating  the  conditions  for  the  formation  of 
nezoite  complexes,  and  only  then  does  the  desired  crystallization  take 
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place.  The  most  suitable  systems  for  this  purpose  appears  to  be  Nd 
containing  ternary  systems  of  type  M20-Nd903-TxOy,  where  M = H,  Li, 
K,  Rb,  Cs  and  T1  or  their  admixtures.  The  process  of  crystallization  is 
much  more  simple  in  the  multicomponent  systems.  The  quantitative  ratio 
of  the  component  largely  determines  the  stoichiometric  nezoitic  com- 
plexes in  these,  i.e.,  the  ratio  of  Tx0y/Nd203  should  not  be  less  than  8.  The 
main  problem  of  concern  is  the  incorporation  of  some  components  in 
excess  than  the  stoichiometric  ratio.  As  a result,  the  molar  ratio  of  the 
nutrient  components  in  the  growth  of  nezoites  is  not  regular  and  can  be 
expressed  approximately  as  M20(M)/Nd203/Tx0y  = 2 > 1 < 8.  The 
additional  amount  of  the  components  are  introduced  into  the  nutrient 
depending  upon  the  individual  cases.  Thus,  the  growth  of  nezoites  re- 
quires a definite  surplus  of  TxOy  components,  and  they  may  not  be  taken 
from  the  stoichiometric  melt.  Therefore,  in  the  growth  of  nezoites  either 
high-temperature  aqueous  solution  or  flux  agents  are  used.  Similarly,  in 
the  synthesis  of  many  phosphates  in  the  form  of  crystals,  highly  concen- 
trated solution  of  phosphoric  acid  is  used.  It  is  considered  that  at  over 
250°C,  orthophosphoric  acid  converts  into  pyrophosphoric  acid  and  with  a 
further  increase  in  temperature  it  transfers  to  an  even  more  condensed 
state  due  to  the  expulsion  of  water. [260]  Figure  7.60  represents  a tempera- 
ture composition  diagram  for  the  system  H90-P90v  at  pressure  up  to  1 
atmospheres. [243]  In  region  (2)  of  the  diagram,  crystallization  can  be 
carried  out  at  normal  pressure,  whereas  the  crystal  growth  from  solution 
corresponding  to  the  composition  of  the  region  (1)  requires  the  use  of  a 
hydrothermal  apparatus.  Flere,  the  authors  discuss  the  crystallization  of 
rare  earth  phosphates  as  an  example  to  explain  the  influence  of  the 
physico-chemical  conditions  and  the  primary  structural  units.  The  forma- 
tion of  rare  earth  phosphates  in  acidic  (pH  > 7.0)  phosphoro-oxygen  media 
takes  place  as  follows: 

RnL  + MXP  Oz  — > RnPvOz  + MXL 
Eq.  (18)  y y 

RnL  + MxPyOz  — > MxRnPyOz 

where  L = anion  and  it  is  usually  CT,  N03  or  S04,  M = alkali  cation 
and  NFI4. 
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Figure  7.60.  Temperature-composition  diagram  for  the  system  H20-P105  at  1 

atm  pressure. [243] 
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As  is  evident,  the  type  of  rare  earth  phosphate  determines  the 
degree  of  condensation  of  phosphoro-oxygen  anions,  which  depends  upon 
the  pH  of  the  solution  and  concentration  of  P-,05.  And  during  the  interac- 
tion of  NdCl3  and  YC13  with  sodium  tripolyphosphate  at  pH  > 4.5, 
formation  of  Nd5(P3O10)H7O  was  established.!2621  The  actual  process  of 
synthesis  from  aqueous  solution  takes  place  in  many  stages.  The  soluble 
pyrophosphates  M4P-,07  (where  M = NH4,  Na,  K)  serves  as  the  source  of 
phosphate  anions.  In  the  crystallization  of  Na5R(P4Op)2,  triphosphate 
anions  (P3O10)-5  are  initially  stabilized  in  the  form  of  solution-(NH4)5P3O10 
or  Ca5P3O10,  in  which  ErCl3  or  NdCl3  dissolves  followed  by  the  crystalli- 
zation of  monocationic  and  mixed  diphosphates  Er5P3O10,  MErP30 10xH2O 
where  M = Cs  and  NH4J263  By  changing  the  partial  pressure  of  water  and 
the  temperature  of  the  system,  the  existence  of  phosphoro-oxygen  anions 
(starting  from  orthophosphate  up  to  ultraphosphate)  can  be  stabilized.  A 
required  [P-,07],  [P4012]  or  [P5014]  anion  is  created  first  in  the  solution 
and  subsequently  it  was  allowed  to  react  with  metals  to  obtain  respective 
metal  phosphate  complexes.  By  such  a direct  method  ortho-,  pyro-,  rneta- 
and  ultraphosphates  of  rare  earth  elements  have  been  synthesized. 

A series  of  mixed  and  simple  anhydrous  and  hydrous  rare  earth 
phosphates  have  been  obtained  by  the  Russian  and  Chinese 
groups. [46][26°]-[264]  Under  hydrothermal  conditions  the  crystal  chemistry 
of  these  rare  earth  phosphates  have  been  studied  in  great  detail  and 
correlated  with  growth  conditions.  Xu  et  al.  (1996, [2621  1996,[263]  1999[2641) 
have  studied  M00-Ce00-P205-H00  (M  = NH4,  Na,  K)  system  under 
hydrothermal  conditions  and  obtained  M-,Ce(P04)yH70,  (Ce  = 4+)  an 
M3Ce(P04)2,  M5Ce(P04)3. 

Byrappa  et  al.  (1985)  synthesized  Na2(R,Co)Zr(P04)3  (R  = rare 
earths)  crystals  under  hydrothermal  conditions  at  T = 200  °C  and  pressure 
50  to  60  atm. 1265 112661  phe  experiments  were  carried  out  in  Morey  type 
autoclaves  provided  with  teflon  liners.  The  cross  section  of  the  autoclave 
used  in  the  synthesis  is  shown  in  Fig.  7.61. 

The  crystallization  was  earned  out  by  spontaneous  nucleation  that 
was  controlled  through  a systematic  rate  of  heating  the  alkaline  compo- 
nent (Na-,0).  It  was  taken  in  the  form  of  a solution  (NaOH)  with  a known 
molarity  and  this  solution  acts  as  a mineralizer.  In  the  growth  of  double 
pyrophosphates,  the  addition  of  surplus  P205  did  not  change  the  resultant 
product,  which  can  be  explained  from  the  influence  of  H70  vapor  pressure 
in  the  system.  Surplus  P205  should  actually  result  in  the  formation  of 
simple  or  compound  orthophosphates. 
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Figure  7.61.  Cross  section  of  the  autoclave  used  in  the  synthesis  of  superionic 

phosphates. [265] 

These  rare  earth  orthophosphates  have  been  obtained  using  the 
starting  components  in  the  following  molar  ratio: 

Eq.  (19)  Na20  : M2+0.  M23+03  : M+402  : P205  = 4.5  : 1 : 0.8  : 10 

This  has  been  reviewed  by  Byrappa  (1990).[26T| 

Bykov  et  al.  (1990)  have  obtained  Li3M2(P04)3  (M  = Fe,  Sc,  Cr) 
using  different  techniques  including  hydrothermal  technique. [268]  How- 
ever, the  resultant  product  was  polycrystalline  powder.  The  crystallization 
of  Li3Sc2(P04)3  was  carried  out  from  the  systems:  LiH,P04-Sc903-H3P04- 
H00;  Li3Se9(P04)3-NH3H2P04-H20;  and  Li3Sc1(P04)3-LiH1P04-H90,  be- 
sides, Li3Sc2(P04)3,  the  other  stable  phases  like  ScP04,  and  scandium 
hydroxides  have  obtained. 

Thus,  the  hydrothermal  technique  is  becoming  a popular  tech- 
nique to  synthesize  rare  earth  phosphates.  What  is  most  important  in  the 
case  of  hydrothermal  synthesis  of  phosphates  in  comparison  with  their 
analogous  compounds — silicates  and  germanates — is  that  it  is  yet  to  be 
clear  as  to  why  a wide  range  of  structural  variations  have  not  been 
achieved  through  hydrothermal  technique.  The  other  synthesis  techniques 
like  aqueous  solutions,  flux,  phosphoric  acid  solutions  have  resulted  in 
very  complex  structures  whereas  the  hydrothermal  technique  has  resulted 
in  only  a few  anhydrous  phosphates  types  like  ortho-,  diortho-,  triortho- 
groups, pyrophosphates,  simple  tetra-  and  ultraphosphates.  Therefore,  lets 
discuss  the  crystal  chemistry  of  rare  earth  phosphates. 
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7.13.3  Structure  Types  of  Rare  Earth  Phosphates 

The  silicates  and  germanates  have  been  sufficiently  well  studied. 
However,  it  is  only  now  in  the  recent  years  that  the  rare  earth  phosphates 
are  being  studied  extensively.  As  mentioned  earlier,  the  structures  of 
condensed  rare  earth  phosphates  in  particular  do  not  resemble  the 
structures  of  silicates  and  germanates  but  the  popular  representatives 
such  as  ortho-,  diortho-,  ring,  layered,  chain,  ribbon  structures,  exist  in 
phosphates  also,  rare  earth  silicates  have  forty  structure  types,  the  rare 
earth  germanates  have  thirty-two  structure  types  and  rare  earth  phosphates 
have  over  thirty  structure  types. [53]  From  the  studies  on  the  crystallization 
of  rare  earth  silicates,  germanates  and  phosphates,  it  is  clear  that  a 
decrease  in  the  R203/Xx0y  ( X = Si,  Ge,  P)  ratio  leads  to  the  formation  of 
condensed  anions.  Tables  7.22  and  7.23  give  the  structure  types  of 
alkali-free  rare  earth  phosphates  and  alkali  rare  earth  phosphates  re- 
ported so  far  in  the  literature. 


7.14  HYDROTHERMAL  GROWTH  OF  MIXED  VALENT 

METAL  PHOSPHATES 

The  interest  in  the  synthesis  of  phosphates,  other  than  rare  earth 
phosphates  is  connected  with  the  publication  of  NASICON,  whose  ionic 
conductivity  is  equivalent  to  that  of  Na  /3-alumina.  It  has  a framework 
structure  and  the  general  formula  is  Na1+xZr2SixP3_xOp;  O < x < 3. 1269  It 
is  a solid  solution  between  NaZr2P3012  -Na4Zr2Si3Op.  NASICON  poses 
a challenge  to  Materials  Scientists  in  understanding  its  structure  and 
conduction  mechanism  due  to  the  lack  of  single  crystals,  non-stoichiom- 
etry  in  the  composition,  zirconium  deficiency,  etc.  Many  variations  have 
been  investigated  by  appropriate  substitutions  in  the  NASICON  sys- 
tem J265i  The  basic  structure  of  most  of  these  derivatives  remains  that  of 
Na3Sc2P3012.  NASICON  has  two  structure  types  viz.  NASICON  and  anti 
NASICON  (Hong  1976;  Efremov  and  Kalinin  1978).[270k270 

The  structure  of  NASICON  is  highly  complicated  because,  of  its 
solid  solution  nature.  There  are  nearly  a hundred  atoms  per  unit  cell,  which 
makes  it  rather  difficult  to  describe.  However,  simplification  can  be 
introduced  by  assuming  that  this  type  of  structure  is  derived  from  that  of 
glaserite  K3Na(S04)2 — a rhomobohedral  super  structure  (Vlasse  et  al. 
1980;  Fig.  7.62)3272l 
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Table  7.22.  Structure  Types  of  Alkali-free  Rare  Earth  Phosphatcs|7i|S3||243] 


Compound 

Representative  Cell 

parameter 

(A) 

Rare  Earth, 
Co.  No., 
Average 
bond 

distance  A 

Tetrahedral 
radical  form 

Rare  earth 
polyhedra 

R [P04] 

R =Gd-Lu, 
Y,Sc 

Y[P04] 

14/amd  Z = 4 
a = 6.885 
c =5.982 

Y 

8 2.28 

ortho-tetra- 

hedra 

framework 

R [P04] 

R = La-Eu 

Ce[P04] 

P3j21  Z = 3 
a = 7.055 
c = 6.439 

Ce 

8 2.48 

ortho-tetra- 

hedra 

framework 

R [P04] 

R =La-Dy 

Ce[P04] 

monazite 

P2,/nZ  = 4 
a = 6.78 
b = 7.00 
c = 6.44 
P =103.63° 

Ce 

8 2.51 

ortho-tetra- 

hedra 

framework 

YbH2[P3OI0] 

A2  Z = 2 
a = 5.617 
b = 6.666 
c =10.011 
P =97.32° 

Yb 

6 2.19 

triortho  - 
groups 

discrete 

polyhedra 

R [PO,]3 
R = La-Gd 

Nd  [P03], 

C222|  Z = 4 
a =11.172 
b=  8.533 
c = 7.284 

Nd 

8 2.43 

chains  with 
a period  of 
6 - tetra- 
hedra 

columns 

R [PO,]3 
R = Gd-Lu 

Yb  [P03], 

P21/c  Z = 12 
a = 11.219 
b=  19.983 
c = 9.999 
P =97.30° 

Yb 

6 2.20 

chains  with 
a period  of 
6 tetrahedra 

discrete 

polyhedra 

R [P50141 

R=  La-Tb 

Nd[P5014] 

P2j/c  Z = 4 
a = 8.771 
b = 9.012 
c =13.057 
P =89.58° 

Nd 

8 2.43 

ribbons  from 
8-membered 
rings 

discrete 

polyhedra 

( Cont’d.) 
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Table  7.22.  ( Cont’d .) 


Compound 

Representative  Cell 

parameter 

(A) 

Rare  Earth, 
Co.  No., 
Average 
bond 

distance  A 

Tetrahedral 
radical  form 

Rare  earth 
polyhedra 

R [P5014] 

R =Dy,Ho, 
Er,Y 

Ho[P5014] 

Pcmn  Z = 4 
a = 8.926 
b=  12.71 
c = 8.720 

Ho  8 2.32 

ribbons  from 
8-membered 

discrete 

polyhedra 

R [Pj014]  Yb  [Pj014] 

R = Tb-Lu,Y 

C2/c  Z = 8 
a =12.830 
b =12.676 
c =12.337 
P =91.25° 

Yb  8 2.30 

layer  from  20  discrete 
& 8 mem-  polyhedra 

bered  rings 

Co.  No.  = 

Coordination  number 

Table  7.23.  Structure  Types  of  Alkali  Rare  Earth  Phosphates171153112431 


Compound  Representative  Cell 

parameter 

(A) 

Rare  Earth, 
Co.  No., 
Average 
bond 

distance  A 

Tetrahedral 
radical  form 

Rare  earth 
polyhedra 

Na3Sc2[P04]3 

Bb  Z = 4 
a = 16.10 
b = 9.109 
c = 8.928 
7=127.15° 

Sc  6 2.092 

orthotetra- 

hedra 

discrete 

polyhedra 

Na3Sc2[P04]3 

R3c  Z = 6 
a = 8.927 
c =22.34 

Sc  6 2.080 

orthotetra- 

hedra 

discrete 

polyhedra 

Na4  SR|  5[P04]3 
R=Tm,Yb,Lu  Na4  s Ybj  5 
[P04]3 

R3c  Z = 6 
a = 9.12 
c =21.81 

Yb,  6 2.213 
Na 

orthotetra- 

hedra 

discrete 

polyhedra 

Na3R[P04]2  Na,Nd[P04]2 

R =La-Er,Y 

Pbc2, Z =24 
a =15.874 
b =13.952 
c =18.470 

Nd  7 2.41 
Nd  6 2.43 
Nd  8 2.48 
Nd 

orthotetra- 

hedra 

discrete 

polyhedra 

(Cont’d.) 
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Table  7.23.  (Cont’d.) 


Compound  Representative  Cell 

parameter 

(A) 

Rare  Earth, 
Co.  No., 
Average 
bond 

distance  A 

Tetrahedral 
radical  form 

Rare  earth 
polyhedra 

K3Nd[P04]2 

P2j/m  Z = 2 
a = 9.532 
b = 5.631 
c = 7.444 
P =90.95° 

Nd  7 2.44 

orthotetra- 

hedra 

discrete 

polyhedra 

Na3Ce[P04]2 

orthorhombic  Ce 

a = 14.07 
b = 16.04 
c = 18.61 
v = 4200  A3 

MR[P04]2.H20 
K2Ce[P04]2.H20 
M = NH4,  K,  Na 
R = Yb.Ce 

orthorhombic 
a = 12.793  A 
b = 14.015  A 
c = 15.945  A 
v = 2854  A3 

M3R2[P04]3  K3Ce2[P04]3 

M=Na,K 

R=Ce-Gd 

KR[P03]4  KHo[P03]4 

R =Eu,Ho 

P3ml,  P31m  Z = 3 

a = 9.30 
c =14.41 

C2/c  Z = 4 Ho  8 2.34 
a = 7.798 
b =12.310 
c =10.551 
P =112.63° 

4-membered 

rings 

discrete 

polyhedra 

P- CsR[P03]4  /3-CsNd[P03]4 
R = Pr.  Nd 

143d  Z=  12 
a =15.233 

Nd  8 2.46 

4-membered 

rings 

discrete 

polyhedra 

LiNd[P03]4 

C2/c  Z = 4 
a = 16.408 
b = 7.035 
c = 9.726 
P=  126.38° 

Nd  8 2.46 

chains  with 
a period  of 
4-tetrahedra 

discrete 

polyhedra 

a-KR[P03]4  a-KNd[P03]4 
R =Nd,Sm, 

Dy.Ho.Er 

P2 1 Z = 2 
a = 8.007 
b=  8.433 
c=  7.280 
P =91.97° 

Nd  8 2.44 

chains  with 
a period  of 
4-tetrahedra 

discrete 

polyhedra 

( Cont’d.) 
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Table  7.23.  (Cont’d.) 

Rare  Earth, 

Compound  Representative  Cell  Co.  No.,  Tetrahedral  Rare  earth 

parameter  Average  radical  form  polyhedra 

(A)  bond 

distance  A 


P21/n  Z = 4 

NaNd[P03]4 

a = 

9.907 

b = 

13.10 

c = 

7.201 

p= 

: 90.51° 

ct-CsR[P03]4  CsNd[PO,]4 

P2, 

,Z  = 2 

R = Tb,Pr,Nd 

a = 

7.145 

b = 

8.809 

c = 

11.007 

p= 

105.86° 

MR[PO,]4  TlNd[P03]4 

P2, 

/ Z =4 

M=K.Tl,Rb,Cs 

a = 

10.440 

R=Nd,Ho,Er 

b = 

8.050 

c = 

11.007 

p= 

105.86° 

P2, 

,/n  Z = 4 

KYb[P03]4 

a = 

7.776 

b = 

8.853 

c = 

14.831 

p= 

96.36° 

Nd  8 2.45  chains  with  discrete 

a period  of  polyhedra 

4-tetrahedra 


Nd  8 2.45  chains  with  discrete 

a period  of  polyhedra 

8-tetrahedra 


Nd  8 2.441  chains  with  discrete 

a period  of  polyhedra 

8-tetrahedra 


Yb  7 2.27  chains  with  a discrete 

period  of  8-  polyhedra 
tetrahedra 


Figure  7.62.  Structure  of  glaserite  K3Na  (S04)2.[272! 
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Hong  (1976)  studied  the  structure  of  NASICON,  Na1+xZr2SixP3_x012, 
solid  solution  series  and  reported  a monoclinic  deformation.  Space  group 
is  C2/c  in  the  region  of  x = 1.8-2. 2.  The  first  crystal  structure  of  NASICON 
type  material  was  performed  in  1968  by  Hagman  and  Kierkegaard,  who 
studied  the  structure  of  NaM9(P04)3  (where  M = Ge,  Ti  and  Zr)  and  found 
them  to  be  isomorphous.l2731  Na4Zn,(Si04)3  structure  has  been  further 
studied  by  Sizova  et  al.  (1973)[274i  and  Tranqui  et  al.  (1981)[275]  and 
reported  multiple  Na+  sites  leading  to  the  nonstoichiometry  in  NASICON 
compound.  Delbecq  et  al.  (1980), t276]  Susman  et  al.  (1982), I277]  Collin  et 
al.  (1983),[278]  Boilot  et  al.  (19  8 3),12791  Clearfield  et  al.  (1983),[28°]  and 
Baur  et  al  (19  8 6)1281  have  reported  five  different  lattice  sites  for  Na+,  out 
of  which  only  the  Na+  is  mobile. 

Stoichiometry,  structure,  and  conductivity  of  NASICON  are  be- 
ing studied  by  several  authors  consistently  from  time  to  time.  Since,  the 
structure  of  NASICON  is  highly  complicated.  Materials  Scientists  con- 
tinue to  strive  to  develop  new  superionic  conductors  with  simple  struc- 
tures. Phosphates  are  found  to  be  the  most  suitable  ones.  The  structure  of 
these  phosphates  consist  of  a three  dimensional  framework.  A series  of 
new  NASICON  analogs  like  Na3M2+(P04)3,  (M  = Sr,  Mg,  Fe,  Mn)  [Feltz 
and  Barth  1983d282]  Na2(R,  M3+)M4+(P04)3  (Byrappa  et  al.  1986)d267l 
A3M3+(P04)3,  (A  = Li,  Na,  Ag,  K;  M = Cr,  Fe)  (Y’voire  et  al.  1983),[2831 
ABC(P04)3  (A  = K,  Rb,  Cs;  B = Ca,  Sr;  C = Ln  and  Bi)  (Keller  et  al.  1 985)  (M 
= Sc,  Cr,  Fe)  (De  la  Rochere  et  al.  1983),[2841  were  synthesized  with  an 
intention  to  develop  compounds  having  stoichiometric  composition  and 
relatively  simple  structures.  However,  all  these  compounds  did  contain 
only  the  ortho-group  of  radicals  irrespective  of  a wide  variety  of  them. 
Byrappa  and  his  group  have  reported,  for  the  first  time,  pyrophosphates 
showing  high  ionic  conductivity  grown  by  hydrothermal  method  (Gali  et 
al.  1989;[285]  Byrappa  et  al.  1989;[286]  Gali  and  Byrappa,  1990I287]). 

The  hydrothermal  method  has  not  been  attempted  to  grow  phos- 
phates widely,  except  for  rare  earth  phosphates  and  aluminum  orthophos- 
phates during  the  1950s  (Jahn  and  Kordes  1 953;|28S|  Stanley  1 954;|289i 
CaiTonetal.  1 958 ;|2491  Kurbanov  et  al.  1 98 1 4 2901  Yoshimuract  al.  1 98 1 ; 12541 
Yonghua  et  al.  1982d291J  Byrappa  and  Litvin  1 983;|25S|  Y’voire  et  al. 
1983d292]  Keller  et  al.  19854293]  Gali  et  al.  1989;  I285]  Byrappa  et  al. 
1989;[286]  Gali  and  Byrappa  1 990|287|j.  Only  a few  reports  on  the  hydro- 
thermal  growth  of  superionics  are  seen  in  literature.  Clearfield  et  al. 
(1986)  and  Genet  and  Barj  (1983)  adopted  this  technique  to  process 
NASICON  compounds.]280]]294]  According  to  them,  an  insufficient  amount 
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of  Si+4  enters  the  composition,  but  it  is  possible  to  develop  stoichiometric 
NASICON.  The  problem  arises  when  Si+4  is  added  to  the  system.  By 
adopting  the  hydrothermal  method,  almost  all  the  problems  quoted  earlier 
have  been  overcome  by  Byrappa  and  Gopalakrishna  ( 1 985). 1251 

In  the  case  of  hydrothermal  growth,  the  selection  of  the  nutrient 
materials,  including  solvents,  is  the  most  important  aspect.  Such  studies 
are  not  readily  available  in  the  literature  as  the  hydrothermal  crystal 
growers  touch  upon  the  solvent  effect,  solvent-solute  interaction,  complex 
formation,  etc.  only  in  the  recent  years.  Keeping  this  in  mind,  the  authors 
have  made  an  attempt  for  solvent  selection  with  reference  to  the  superionic 
pyrophosphates  containing  different  divalent  metals.  A full  understanding 
of  the  complex  system  formed  in  solutions  is  inconceivable  without  a 
study  of  the  effects  of  the  different  solvents  on  dissolved  ionic  species. 
The  properties  of  a solvent  are  determined  jointly  by  its  general  chemical 
nature  and  physical  properties.  These  properties  are  involved  in  such  a 
complex  interaction  that  it  is  difficult  to  establish  unambiguously  how 
they  contribute  individually  to  the  general  behavior  of  the  solvents.  Com- 
plex formation  reactions  occurring  in  solutions  are  known  to  be,  in  effect, 
substitution  reactions  in  which  the  legend  replaces  solvent  molecules 
bound  in  the  solvate  sphere  of  the  metal  ion.  Thus,  it  is  understandable  that 
the  rates,  kinetics,  and  mechanism  of  such  reactions  are  dependent  on  the 
solvents.  The  magnitude  of  the  interaction  between  the  coordinated  sol- 
vent molecules  and  the  cation  (the  strength  of  the  coordinate  bond)  influ- 
ences the  rate  of  exchange  of  the  coordinated  solvent  with  some  other  legend. 

In  the  most  complex-equilibrium  investigations  in  solvent  mix- 
tures, the  choice  of  the  solvent  was  determined  by  the  solubilities  of  the 
components  of  the  system.  The  aim  of  the  investigations,  therefore,  was 
not  the  detection  of  the  solvent  effect,  but  the  determination  of  the 
compositions  and  stabilities  of  the  complexes  formed  in  solution.  The 
linkage  between  the  solvent  and  solute  is  essentially  coordination  type  and 
hence,  a varied  acid-base  complexes  have  been  observed  in  the  solution. 
Byrappa  and  Umesh  Dutt  (1994)  and  Byrappa  and  Nirmala  (1999)  have 
studied  in  great  detail  the  hydrothermal  crystallization  mechanism  of 
HNaMP-,07  (where  M = Mn,  Co,  Ni,  Zn,  Cd,  Pb)  crystals.  [295][296] 
Table  7.24  gives  the  experimental  conditions  of  the  growth  of  these  novel 
phosphates  with  very  interesting  structures.  In  all  the  experiments  85% 
H3P04  and  NaOH  solutions  have  been  used  as  the  solvents  and  only  in  a 
very  few  experiments,  other  solvents  like  HN03,  HC1,  PkS04,  HCOOH, 
etc.  have  been  used. 


Table  7.24.  Experimental  Conditions  For  Low  Temperature  Hydrothermal  Synthesis  (from  the  works  of  K.  Byrappa) 


Compound 

Nutrient  Components 

T 

°C 

P 

(bars) 

Duration 

(days) 

Size 

mm 

Prominent 

Faces 

Morphology 

Na2H3Al(P207)2 

h,po4 

NaOH 

A1203 

Zr(N03)4 

rhombohedral. 

(ml) 

(ml) 

(gm) 

(gm) 

tabular,  rods. 

6 

5(5M) 

1 

0.5 

250 

85 

8 

0.15-2 

010 

shaped, 

prismatic 

NaHCoP207 

h,po4 

NaOH 

Co(N03)4 

Zr(N03)4 

(ml) 

(ml) 

(gm) 

(gm) 

perfect  rhombo- 

5 

5(5M) 

1 

0.3 

250 

80 

8 

0.5-2 

010 

hedral,  prismatic 

red  shaped 

NaHNiP207 

h,po4 

NaOH 

NiCl2 

Zr(N03)4 

(ml) 

(ml) 

(gm) 

(gm) 

5 

5(5M) 

1.0 

0.5 

250 

85 

8 

0.5 

110 

prismatic,  rod 

5 

5(5M) 

1.25 

0.5 

250 

85 

8 

0.5 

shaped 

5 

5(5M) 

1.5 

0.5 

250 

90 

8 

0.5-1. 5 

( Cont’d.) 
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Table  7.24.  ( Cont’d.) 


Compound 

Nutrient  Components 

T °C 

P 

(bars) 

Duration 

(days) 

Size 

mm 

Prominent 

Faces 

Morphology 

NaHMnP207 

H3PO4 

NaOH 

MnCl2 

CaCo3 

(ml) 

(ml) 

(gm) 

(gm) 

5 

5(5M) 

1.5 

0.75 

85 

8 

1 

100 

rod  shaped. 

5 

5(5M) 

1.5 

1.00 

lH 

90 

8 

1-3 

prismatic 

5 

5(5M) 

1.5 

1.25 

250 

90 

8 

2-3 

5 

5(5M) 

1.5 

1.5 

250 

90 

8 

2 

NaHZnP207 

h,po4 

NaOH 

ZnO 

Zr(N03)4 

(ml) 

(ml) 

(gm) 

(gm) 

5 

5(5M) 

0.5 

0.5 

250 

80 

8 

1-2 

101 

prismatic. 

5 

5(5M) 

0.75 

0.5 

250 

80 

8 

1-2 

needles 

5 

5(5M) 

1.00 

0.5 

250 

85 

8 

2-5 

5 

5(5M) 

1.50 

0.5 

250 

90 

8 

1-3 

NaHCdP207 

h,po4 

NaOH 

CdO 

Zr(N03)4 

(ml) 

(ml) 

(gm) 

(gm) 

sub-rounded, 

5 

5(5M) 

1 

0.5 

250 

70 

8 

2-5 

111 

tabular,  dome  shaped 
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The  hard  bases  H20,  0H%  P04-3,  NOs,  and  S042-  act  upon  the 
dissolution  of  the  solvated  complexes  determining  the  solubility  of  the 
final  resultant  stable  complex.12971  The  following  reaction  series  can  be 
proposed  for  the  formation  of  HNaCoP0O7: 

3NaOH  + H3PO4  Na3P04  + 3H20 

3Co(N03)2  + 2H3P04  Co3(P04)2  + 3H20  + 6N02T  + 3[0]T 

Zr(N03)4  + 4NaOH  4NaN03  + 2H20  + ZrC>4 

2H3P04  -4  H4P2Ov  + H20 

Na3P04  + H4P2Ov  NaH3P207  + HN03 

N a3P04  + H4P2Ov  — > NaH  ,P207  + N a2HP04 

Co3(P04)2  + H4P207  + 4H20  H2CoP2Ov  + 2H3P04  + 2Co(OH)2 

Co(N03)2  + H4P207  H2CoP2Ov  + 2HN03 

Co(N03)2  + H4P207  ->  H2CoP2Ov  + 2HN03 

NaOH  + H2CoP207  ->  HNaCoP207  + H20 

Co(OH)2  + NaH3P207  -4  HNaCoP207  + 2H,0 

The  formation  of  a stable  complex,  i.e.,  HNaCoP207  at  250°C  and 
100  bars  pressure,  must  have  undergone  several  intermediate  stages  of 
solvation,  forming  stable  and  unstable  solvated  complexes  like  NaN03, 
having  very  low  values  of  lattice  energy  constant,  755  kJ/mole,  and  Co, 
which  has  a desolvation  energy  value  around  15  eV,  etc.  that  have  further 
interacted  with  each  other  because  of  their  weak  ionic  bonding  of  very  low 
charge  to  give  a stable  coordinated  compound  with  a very  high  of  lattice 
energy  constant  and  stronger  ionic  bonding.  But  at  temperatures  around 
250°C,  the  polymerization  of  the  ortho-group  of  phosphates  to  form  the 
pyro-group  with  higher  lattice  energy  may  be  expected.  Also,  the  reaction 
between  the  alkali  pyrophosphate  complexes  with  metal  complexes  re- 
sults in  the  formation  of  stable  complexes  of  pyrophosphate,  i.e., 
HNaCoP207. 

The  hydrothermal  crystallization  of  these  superionic  phosphates 
has  been  studied  through  another  approach,  which  is  quite  effective  from 
the  point  of  hydrothermal  solution  chemistry. 

The  crystallization  process  involves  many  chemical  interactions 
leading  to  the  formation  of  a stable  complex.  To  understand  the  growth  of 
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title  compounds,  the  authors  have  described  the  following  possible  stages 
of  interactions  d295i 

1)  acid-base  interactions 

2)  formation  of  metal-aqua  complexes 

3)  interaction  between  acid-base  and  metal-aqua 
complexes 

Acid-base  Interactions.  Components  such  as  H20,  OH'  and 
P043"  are  considered  as  the  hard  and  form  pyrophosphate  complexes  at 
around  250  °C: 

Eq.  (20)  2H3P04— > H4P207  + 2H20 

Eq.  (2 1 ) NaOH  + H4P207-*  NaH3P207  + H20 

As  the  pH  increases  the  stability  of  NaH3P207  decreases  (pH>3),  and  this 
leads  to  the  formation  of  Na2H2P207. 

Eq.  (22)  NaOH  + NaH3P207-^  Na2H2P207  + H20 

The  occurrence  of  Eq.  (22)  also  increases  the  pH  of  the  system,  but  the 
compound  Na2H2P207  is  stable  in  the  pH  range  3-9.  The  formation  of 
Na3HP207  is  favored  if  pH  > 9. 

Eq.  (23)  NaOH  + Na2H2P207  -»  Na3HP207  + H20 

Formation  of  Metal-aqua  Complexes.  The  zinc  metal-aqua  com- 
plexes in  the  hydrothermal  system  have  been  studied  in  detail.  The 
tendency  of  zinc  towards  a tetrahedral  coordination  is  evidently  respon- 
sible for  the  existence  of  [Zn(H00)x(OH)4  x]x"2  type  aqua  complexes  in 
aqueous  solutions,  where  the  value  of  x depends  on  the  pH  of  the  rne- 
dium. 12981  In  strong  alkaline  solutions,  Zn(OH)42"  occurs  (and  here  x = 0). 
By  reducing  the  solution  pH  to  neutral,  a dizincate  [Zn10(H00)x(0H)6_x]x  4 
may  be  formed  as  a result  of  the  association  of  zincate  ion. 

The  zinc  oxide  forms  aqua  complexes  when  dissolved  in  alkaline 
solutions. [299]  The  distribution  of  zinc  aqua  ions  in  alkaline  solution  is 
shown  in  Fig.  7.63. 
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[Cnll  (molll 

Figure  7.63.  Distribution  of  zinc  aqua  ions  in  alkaline  solution.  1299] 


Similar  aqua  complexes  can  be  expected  for  the  other  divalent 
cations,  like  Mn2+,  Ni2+,  Fe2+,  Cu2+,  Pb2+,  Cd2+  and  others,  under  hydro- 
thermal  conditions. 

Although  the  metal  cations  form  octahedral  complexes,  tetrahe- 
dral complexes  are  the  more  stable  ones,  and  a few  octahedral  complexes 
retain  their  constitution  for  a long  time  depending  upon  their  half-life  of 
aqua- ligands  J3001 

Interactions  Between  Acid-base  and  Metal-aqua  Complexes. 

Pyrophosphoric  acid  forms  salts  due  to  the  sequestering  action  of  the 
pyrophosphate  radical,  the  sequestering  ability  decreases  with  higher 
concentrations  of  salts,  or  with  increasing  pH.  Interactions  between 
metal-aqua  complexes  with  the  sodium  salts  of  pyrophosphoric  acid  can 
be  written  as  follows: 

NaH3P207+  M(OH)2  -»  HNaMP,07  + 2H,0 

(pH  = 2-3) 


Eq.  (24) 
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Eq.  (25)  Na2H2P207+  M(OH),  ->  HNaMP207  + NaOH  + H20 

(pH  = 3-9) 

Eq.  (26)  Na3HP207+  M(OH)2  ->  HNaMP,07  + 2NaOH 

(pH  >9) 


where  M = Mn,  Fe,  Co.  Ni.  Cu,  Zn,  Pb. 

The  aqua  complexes  can  form  more  stable  complexes  because  of 
the  higher  desolvation  energy  of  metal  cations  when  compared  to  sodium 
(3.97  eV).  Hence,  the  formation  of  HNaMP,07  is  expected  in  the  system 
instead  of  stable  sodium  salts  of  pyrophsophoric  acid,  namely  Na2H2Pi07 
and  Na4P207. 

The  hydrothermal  growth  of  HNaMP007  (where  M = Mn,  Co,  Ni, 
Zn,  Cd,  Pb)  crystals  clearly  show  that  there  is  a gradual  change  in  the 
crystallinity  and  morphology  from  Mn  end  to  the  Pb  end.  Table.  7.25 
shows  the  cations  in  superionic  pyrophosphates.  As  evident  from  Table 
7.25,  higher  the  entropy  values  the  lower  will  be  the  degree  of  crystallinity 
and  the  crystal  morphology.  For  example,  HNaMP207  (M  = Mn,  Co,  Al, 
Ni)  show  good  crystallinity  and  well-developed  crystal  morphology, 
whereas  the  crystals  HNaMP207  (M  = Zn,  Cd,  Pb)  with  higher  entropy 
values  have  a lower  degree  of  crystallinity.  These  crystals  show  poor 
morphology  and  are  often  polycrystalline.1301 1 


Table  7.25.  Cations  in  Superionic  Pyrophosphates1301 1 


Element 

At. No. 

At.Wt. 

At.radii* 

(A0) 

Entropy 
at  298  °K  (e.u) 

Al 

13 

65.38 

1.82 

6.769 

Mn 

25 

54.93 

1.79 

7.590 

Co 

27 

58.93 

1.67 

6.800 

Ni 

28 

58.70 

1.62 

7.137 

Zn 

30 

65.38 

1.53 

9.950 

Cd 

48 

112.41 

1.71 

12.300 

Pb 

82 

207.20 

1.81 

15.490 

* Ref.  Table  of  periodic  properties  of  the  elements, 
Sargent-Welch  Scientific  Company 
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The  authors  have  obtained  good  crystals  up  to  6 mm  size.  Twin- 
ning was  absent  in  general,  except  in  crystals  doped  with  additives.  In  the 
case  of  (Na2/3Zr1/3)2P207,  Bi  and  Ce  were  added  as  additives  even  in 
higher  concentration,  but  they  did  not  enter  the  composition.  The  cations 
play  a major  role  in  the  crystallization  of  pyrophosphates.  Also,  divalent 
metals  enter  the  composition  more  easily  than  trivalent  metals,  particu- 
larly in  condensed  phosphates.  A large  number  of  experiments  have  been 
earned  out  using  Al,  Cr,  Fe,  Bi,  Co  and  rare  earths  even  in  surplus  amount. 
Only  Al  enters  the  composition  easily  and  others  need  higher  temperature 
of  synthesis.  The  volatiles  and  type  of  cations  play  a major  role  in  the 
crystallization  of  condensed  phosphates.  The  morphology  of  these  crys- 
tals depend  upon  the  concentration  of  P905  and  F120  in  the  system 
(Byrappa  1 990). t267]13°2]  por  example,  in  NaHCo(P207)  crystals,  the  prism 
faces  dominate  over  the  pyramidal  faces  with  an  increase  in  P205  and  H0O 
concentration.  The  morphology  of  these  superionic  pyrophosphates  is 
very  interesting  and  it  is  shown  together  with  their  schematic  diagrams  in 
Fig.  7.64  a-e.  The  crystallization  was  carried  out  by  spontaneous  nucle- 
ation,  which  was  controlled  by  a systematic  rate  of  heating.  Flence,  the 
crystals  were  well  developed  and  of  excellent  quality. 

The  x-ray  diffraction  studies  (both  powder  and  single-crystal) 
show  that  these  crystals  belong  to  the  lower  symmetry  and  show  very 
interesting  morphology.  A general  morphology  of  these  pyrophosphates  is 
given  in  Table.  7.25. 

In  order  to  grow  these  crystals,  it  is  very  important  to  know  their 
solubility,  internal  atomic  structure,  macro-  and  micromorphology.  The 
solubility  of  these  pyrophosphates  was  found  to  be  positive.  Similarly,  the 
crystals  obtained  by  the  hydrothermal  technique  show  very  interesting 
morphology.  Hence,  it  becomes  rather  easy  to  grow  them  as  bulk  single 
crystals  of  several  centimeters  in  length,  despite  the  phosphoric  acid 
media  in  which  the  growth  occurs. 

The  most  common  morphological  habits  observed  in  pyrophos- 
phates are  perfect  rhombohedral,  prismatic,  rod  shaped,  etc.  The  crystal 
faces  are  more  or  less  smooth  and  vitreous  in  luster,  with  a high  degree  of 
transparency.  The  prism  faces  dominated  over  all  other  faces  in  all  the 
crystals  followed  by  pinacoidal  and  dome  faces.  There  is  a clear-cut 
distinction  in  the  morphology  of  these  pyrophosphates.  In  most  of  the 
experiments  the  entry  of  the  selective  dopants  was  controlled  in  order  to 
observe  the  morphological  variations.  The  morphology  of  these  pyrophos- 
phates varies  from  one  to  another,  depending  on  the  cations  present. 
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Figure  7.64.  Morphology  of  superionic  pyrophosphates. [302] 
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(d) 


Figure  7.64.  (Cont’d.) 
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Figure  7.64.  ( Cont’d .) 


To  gain  an  understanding  of  the  morphological  variation  with 
respect  to  the  growth  conditions,  it  is  essential  to  study  particularly  the 
role  of  the  degree  of  supersaturation,  the  concentration  of  water  and  Na-,0 
in  the  system.  NaHCo(P207)  and  NaHZn(P207)  crystals  were  selected  for 
such  a systematic  study,  because  these  compounds  show  a very  well- 
developed  morphology  and  are  sensitive  to  such  variations.  In  fact,  both 
these  compounds  show  similar  morphological  variations.  Figure  7.64  a-e 
shows  how  the  morphology  varies  with  the  concentration  of  P205.  This  is 
further  represented  in  the  schematic  diagram  of  Fig.  7.65.  The  interfacial 
angles  for  the  representative  pyrophosphates  have  been  measured  using  a 
Leitz  phase-contrast  microscope  and  these  angles  are  shown  in  the  sche- 
matic diagrams  of  Fig.  7.65.  As  the  concentration  of  P205  and  H,0 
increases,  the  pyramidal  faces  are  replaced  by  the  prismatic  and  the 
pinacoidal  faces. [302]  Similarly,  an  attempt  has  been  made  to  study  the 
variation  of  the  growth  rate  of  NaHCo(P-,07)  crystals  with  concentration 
of  P205,  Na20  and  FF,0  (Fig.  7.66  a-c).  These  figures  show  critical  points, 
beyond  which  the  growth  rate  falls  sharply.  This  helps  to  fix  the  optimum 
conditions  for  the  growth  of  NaHCo(P207). [302] 
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Figure  7.66.  Growth  rate  of  superionic  pyrophosphate,  NaHCo(P207)  vs.  (a) 
P205  concentration,  (b)  Na20  concentration,  and  (c)  H20  concentration. [302j 
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Similar  features  were  observed  in  the  case  of  NaHZn(P207)  crys- 
tals. Representative  photographs  (Fig.  7.67)  of  NaHZn(P207)  show  how 
morphology  varies  with  the  above-mentioned  growth  parameters.  These 
experiments  indicate  that  the  degree  of  supersaturation,  concentration  of 
cations  and  dopants  determine  the  morphology  of  these  pyrophosphates. 
Such  studies  help  in  the  successful  growth  of  superionic  phosphates  in  the 
form  of  single  crystals  with  a desired  morphology.  They  help  to  under- 
stand the  growth  technology  of  these  phosphates  in  detail. 


Figure  7.67.  Photographs  of  NaHZn  (P2Ov)  crystals  (magnification  x 30).P0i] 


A number  of  factors  such  as  the  degree  of  supersaturation,  tem- 
perature, pressure,  accidental/deliberate  entry  of  impurities  and  their  con- 
centration, type  of  the  solvent,  pFl  of  the  mineralizer,  etc.  affect  the  habit 
of  crystals  obtained  under  hydrothermal  conditions.  Flabit  modifications 
are  also  observed  when  significant  changes  in  the  growth  temperature 
occur,  since  increase  in  temperature  hastens  the  growth  kinetics  and  in 
turn  growth  rate. 
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The  crystal  faces  of  most  of  the  superionic  pyrophosphates  are 
more  or  less  smooth  and  vitreous  in  luster  with  a high  degree  of  transpar- 
ency. The  morphology  of  these  pyrophosphates  varies  from  one  another 
depending  upon  the  cations  present. 

It  is  interesting  to  observe  the  morphological  variations  in  the 
pyrophosphates  with  reference  to  the  variation  in  the  cation.  The  cations 
used  are  essentially  the  divalent  and  trivalent  metals  such  as  Al.  Mn.  Co, 
Ni,  Zn,  Cd,  and  Pb.  Table  7.25  shows  cation  properties.  As  evident  from, 
Table  7.25  the  Al  is  the  smallest  ion  and  it  shows  the  excellent  morphol- 
ogy (Fig.  7.64a).  The  crystals  are  very  well  developed  and  highly  transpar- 
ent. This  is  followed  by  Mn,  which  gives  good  crystals  of  excellent  crystal 
habit.  However,  due  to  the  susceptibility  of  Mn  for  the  changes  in  the 
valency  with  sudden  changes  in  the  experimental  growth  parameters, 
there  is  a tendency  for  the  formation  of  polymorphic  modifications  of  Mn 
bearing  pyrophosphates.  But  both  the  polymorphic  modifications  of  Mn 
superionic  pyrophosphates  show  excellent  morphology  with  well  devel- 
oped habits,  smooth  and  vitreous  surfaces  (Fig.  7.64a). 

The  cobalt  bearing  superionic  pyrophosphate  shows  probably  the 
best  morphology  (Fig.  7.64 b).  The  crystals  are  very  well-developed  with 
vitreous  and  smooth  surfaces  having  a high  degree  of  transparency.  The 
size  of  the  cobalt  bearing  pyrophosphate  is  higher  than  the  other  pyrophos- 
phates of  this  class. 

It  is  believed  that  all  these  superionic  pyrophosphates  belong  to 
the  same  structure  type,  i.e.,  triclinic,  PI  space  group.  As  the  ionic  size  of 
the  cations  inserted  into  the  structure  increases,  there  develops  a general 
structural  distortion,  which  in  turn  affects  the  crystal  morphology.  Table 
7.26  shows  the  variation  in  bond  lengths  of  these  pyrophosphates.  As 
evident  from  Table  7.26,  the  difference  in  maximum  and  minimum  bond 
lengths  of  Na-0  polyhedra  increases  gradually  towards  the  Zn  end  mem- 
ber. Thus,  towards  the  Pb  end  member,  the  crystals  become  poorly 
developed.  The  poor  morphology  of  Cd  and  Pb  bearing  pyrophosphates  is 
due  to  the  changes  in  the  bond  lengths  and  bond  angles  leading  to  the 
slightly  higher  degree  of  structural  disorder  as  indicated  by  the  prelimi- 
nary X-ray  single  crystal  diffraction  studies.  Also,  it  is  evident  from  Table 
7.25  that  the  values  of  entropy  for  Zn,  Cd,  and  Pb  gradually  increase  and 
these  values  are  quite  high  compared  to  those  of  Mn,  Al,  Co,  or  Ni. 
Entropy  is  directly  related  to  the  structural  disorder.  Thus,  the  thermody- 
namic properties  of  the  cations  directly  influence  the  morphology  of  these 
new  novel  pyrophosphates. 


Table  7.26.  Bond  Lengths  For  Superionic  Pyrophosphates  Crystals1301 


Compound 

Na-O 

(max) 

Na-O 

(min) 

Na-O 

Dif. 

(max 

-min) 

M+2-0 

(max) 

M+2-0 

(min) 

M+2-0 

Dif. 

(max 

-min) 

P,-0 

(max) 

PfO 

(min) 

p,-o 

Dif. 

(max 

-min) 

p2-o 

(max) 

p2-o 

(min) 

p2-o 

Dif. 

(max 

-min) 

Na2AlH3(P207)2 

2.929 

2.397 

0.532 

1.940 

1.855 

0.085 

1.599 

1.495 

0.104 

1.587 

1.500 

0.087 

NaMnH  P207 

2.79 

2.32 

0.47 

2.20 

2.00 

0.2 

1.64 

1.52 

0.12 

1.58 

1.49 

0.09 

NaCoHP2Ov 

3.097 

2.445 

0.652 

2.196 

2.035 

0.161 

1.587 

1.502 

0.85 

1.602 

1.498 

0.104 

NaNiHP207 

3.385 

2.315 

1.07 

2.157 

2.016 

0.141 

1.593 

1.505 

0.085 

1.607 

1.497 

0.11 

NaZnHP2Ov 

3.446 

2.308 

1.138 

2.283 

2.020 

0.263 

1.591 

1.504 

0.087 

1.595 

1.488 

0.107 
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There  are  several  publications,  but  the  majority  of  these  publica- 
tions essentially  deal  with  the  general  synthesis  of  a large  variety  of 
phosphates  under  hydrothermal  conditions  and  hence,  in  most  of  the 
cases,  the  resultant  product  contained  either  crystalline  powder  or  tiny 
crystals.  However,  one  can  grow  these  as  single  crystals  if  systematic 
investigations  are  carried  out  as  in  the  case  of  NaHMP007  (M  = Ni,  Co, 
Mn,  Zn,  Cd,  Pb)  crystals. 


7.15  PROPERTIES  OF  RARE  EARTH  AND  MIXED  VALENT 

METAL  PHOSPHATES 

The  rare  earth  phosphates  are  known  as  the  laser-host  materials, 
and  mixed  valent  metal  phosphates  show  very  interesting  physico-chemi- 
cal properties,  especially  the  superionic  properties.  Laser  beams  have 
been  obtained  from  condensed  rare  earth  phosphates  containing  active 
elements  like  Nd,  Pr,  Er,  Eu.  In  this  respect  the  ultraphosphates  RP5014 
and  tetraphosphates  MRP4Op  (where  M = Li,  Na,  K,  Rb,  Cs;  R = Nd,  Pr, 
Eu,  Er)  are  the  most  popular  ones.  Figures  7.68  and  7.69  show  the 
luminescence  spectra  of  NdP5014  and  a-CsNd(P03)4  crystals  of  hydro- 
thermal  origin. [303][304]  Similarly,  ionic  conductivity  has  been  reported  in 
some  of  the  crystals  of  MRP4Op.t305l  However,  the  ionic  conductivity 
values  are  not  high  and  not  comparable  to  mixed  valent  metal  phosphates. 
Since  majority  of  these  compounds  either  belong  to  the  NASICON  family 
or  analogous  to  NASICON  structures,  they  obviously  exhibit  high  ionic 
conductivity.  Na3M2+(P04)3  (M  = Sr,  Mg,  Fe,  Mn);  A3M3+(P04)3  (A  = Li, 
Na,  Ag,  K;  M = Cr,  Fe);  ABC(P04)3  (A  = K,  Rb,  Cs;  B = Ca,  Sr  ; C = Ln 
and  Bi)  NaHMP207  (M  = Mn,  Co,  Ni,  Zn,  Pb,  Cd);  Na66Zr  33)2  (P207)2, 
and  so  on,  exhibit  high  ionic  conductivity.  The  unique  feature  of  these 
NASICON  analogs  is  the  thermal  stability.  Unlike  the  NASICON  com- 
pound, whose  ionic  conductivity  is  hampered  by  the  presence  of  multiple 
phase  transitions  from  > 60°C,  these  compounds  show  only  one  or  two 
phase  transitions,  usually  > 400°C43061  Figure  7.70  shows  the  DTA  curves 
for  the  representative  superionic  pyrophosphates.  Similarly  MSn,(P04)3 
(M  = Na,  K,  NH4)  grown  hydrothermally  is  stable  up  to  1200°C  without 
phase  transitions.  [307E13091  Also,  some  of  the  rare  earth  phosphates  show 
ultra-low  thermal  expansion  coefficient,  which  has  a potential  application 
in  several  fields.!310!  Byrappa  et  al.  (1994)  & Sanjeev  (1996)  have  studied 
the  ionic  conductivity  in  superionic  pyrophosphates  within  a wide  range 
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of  temperature  and  internal  frequency.!31  i][3i2]  FjgUres  7.71  and  7.72, 
show  the  Arrhenius  Plot  and  the  complex-impedance  plots  for  the  repre- 
sentative superionic  pyrophosphates. 


Figure  7.68.  Luminescence  spectra  of  NdP5014  crystals. P03] 


Figure  7.69.  Luminescence  spectra  of  a - CsNd  (P03)4  crystals. [304] 
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AV0P04  (A  = Li,  Na,  K)  group  of  compounds  are  very  interesting 
and  isostructural  with  the  well-known  nonlinear  optical  material  KTiOP04. 
These  compounds  have  high  thermal  stability  and  magnetic  susceptibility. 
The  experimental  results  show  that  the  Curie-Weiss  behavior:  AM  = C/CT 
-6),  where  C = 0.4168  cm3  K/mol  is  the  curie  constant  and  6=  -67.5  is  the 
Weiss  temperature  with  increasing  temperature,  AV1  first  decreases  rapidly 
but  reaches  a minimum  at  T ~ 15  K,  increases  up  to  ~ 40  K,  then  smoothly 
decreases  again  with  temperature.  (See  Fig.  7.73)13131  Similarly  very 
interesting  magnetic  susceptibility  has  been  reported  in  several  other 
hydrothermally  prepared  metal  vanadyl  phosphates  like  K,(V0)3(HP04)4, 
Mn2V0(P04)2,H20,  a-NH4(V02)(HP04),  CsMo203(P04)2  and  so 
on4314H3I7J  Figure  7.74  shows  a plot  of  the  reciprocal  magnetic  suscepti- 
bility vs.  temperature  for  Mn-,V0(P04)2.FL0.  This  compound  displays 
Curie-Weiss  behavior  down  to  TN  = 20  K,  at  which  point  an  antiferromag- 
netic transition  takes  place.  The  high  temperature  portion  (150-300  K) 
was  fit  to  the  Curie-Weiss  expression,  yielding  a Curie  constant  of  C = 9.0 
emu  K1  mole-1  and  a Weiss  constant  of  6=  -46  K.  The  effective  magnetic 
moment  peff  = 8.5  BM.  The  origin  of  the  antiferromagnetic  interaction 
most  likely  arises  between  Mn(2)  and  V atoms,  which  are  3. 150  A apart  in 
their  edge-sharing  polyhedral  arrangement. 


Figure  7.73.  Thermal  stability  and  magnetic  susceptibility  of 
MmVOtPO^-fLO.l313]  (Courtesy  of  the  Academic  Press,  Orlando,  Florida.) 
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Temperature  (K) 

Figure  7.74.  Plot  of  the  reciprocal  magnetic  susceptibility  vs.  temperature  for 
Mn,VO  (P04)2-H:0. 13151  (Courtesy  of  the  Academic  Press,  Orlando,  Florida .) 


7.16  HYDROTHERMAL  SYNTHESIS  OF  VANADATES 

The  synthesis  of  vanadates  is  not  as  popular  as  silicates,  phos- 
phates, germanates  or  sulphates,  because  of  their  limited  use  in  the 
modern  technology  unlike  its  analogous  materials  silicates  or  phosphates. 
Further,  the  synthesis  of  vanadates  is  relatively  a recent  field.  The  first 
systematic  synthesis  of  vanadates  was  during  the  1950s,  when  AB04  (A  = 
Al,  Ga,  B,  Bi,  Fe,  etc.;  B = P,  V,  As)  isostructural  to  A1P04  was  ob- 
tained. [3181  However,  the  solid  state  synthesis  was  the  most  popular  one 
followed  by  the  flux  method.  The  main  objective  of  the  synthesis  of  AV04 
(A  = Al,  Cr,  B,  Fe,  Ga,  Mn,  etc.)  was  academic,  and  it  was  quite  recently 
their  technological  potential  was  explored.  For  example,  FeV04  shows 
very  interesting  magnetic  properties.  This  compound  shows  successive 
phase  FeV04-I  — > FeV04-II  — > FeV04-III  — > FeV04-IV  type  structures 
with  increasing  pressures. [319]  During  the  1970s,  a series  of  simple  and 
complex  rare  earth  vanadates  were  synthesized  with  a motivation  to 
develop  new  luminophors,  because  a majority  of  these  vanadates,  particu- 
larly mixed  rare  earth  phosphates,  contain  isolated  rare  earth  ions.|32°l 
Whereas,  simple  rare  earth  orthovanadates  show  very  high  thermal  stabil- 
ity owing  to  their  very  high  melting  points  and  also  exhibit  unique  optical 
and  magnetic  properties. [32t]-[323]  ah  these  simple  rare  earth  orthovanadate 
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single  crystals  have  been  obtained  by  flux  and  melt  techniques.  Byrappa  et 
al.  (1987)  attempted  the  synthesis  of  vanadates  for  the  first  time  by 
hydrothermal  technique,  and  they  have  obtained  NH4ZiyV3Op  crystals, 
which  show  interesting  proton  conducting  properties. [324]  However,  dur- 
ing the  1990s,  it  was  shown  that  the  hydrothermal  technique  helps  in 
synthesizing  a new  class  of  compounds  with  unique  structures,  especially 
from  the  phosphate,  vanadate  and  arsenate  groups.  This  made  the  hydro- 
thermal  technique  popular  for  the  synthesis  of  novel  vanadates,  which 
exhibited  interesting  physico-chemical  properties  owing  to  their  unique 
structural  peculiarities.  Similarly,  the  growth  of  simple  rare  earth 
orthovanadates  doped  with  active  elements  was  realized  by  hydrothermal 
technique  quite  recently. [325] 

Here,  we  describe  the  growth  of  simple  rare  earth  orthovanadates 
and  mixed  metal  vanadates  of  recent  importance  by  hydrothermal  method. 

7.16.1  Growth  of  R = MV04  (R  = Nd,  Eu;  M = Y,  Gd) 

Single  crystals  of  yttrium  orthovanadate,  YV04  with  zircon  struc- 
ture, ZrSi04  having  tetragonal  space  group  I4/amd|32A|  find  extensive 
applications  owing  to  their  most  valuable  unusual  magnetic,  optical  and 
luminescent  properties.  Hence,  they  are  used  as  highly  efficient  laser  diode 
pumped  microlasers,!327!  an  efficient  phosphor!328!  as  very  attractive  po- 
larizer material, !329]  and  low-threshold  laser  host.!330!  The  laser  emission 
cross-section  of  Nd:YV04  at  1064  nm  is  2.7  times  greater  than  that  of 
Nd:YAG.f331!  As  a laser  host  material,  Nd:YV04  offers  attractive  proper- 
ties such  as  highly  polarized  emission,  large  absoiption  cross-section, 
high  thermal  fracture  limit,  and  good  mechanical  strength.  Together,  these 
characteristics  are  favorable  for  a broad  range  of  diode -pumped  laser 
applications  including  visible  lasers.  Single  crystals  of  yttrium 
orthovanadates  have  been  obtained  by  various  techniques  like  Czochralski, 
[332][333]  zone  melting,1334113351  Verneuil  method,13331  dissolution  in  melts,13361 
from  flux,!336!!337!  and  top  seeded  solution  growth. !338!  However,  there  are 
no  reports  dealing  with  the  hydrothermal  synthesis  of  these  crystals.  This 
is  probably  connected  to  the  high  temperature  and  pressure  conditions 
involved  in  the  growth  of  these  crystals  and  also  to  the  strong  belief  that 
their  growth  under  mild  hydrothermal  conditions  will  introduce  water  into 
the  structure  or  to  the  interstices.  Further,  these  crystals  are  known  to  have 
high  melting  points  and  very  low  solubility.  Therefore,  the  high-tempera- 
ture  solutions  and  melt  techniques  were  preferred  over  the  others.  In  fact, 
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several  problems  have  been  encountered  in  the  growth  of  yttrium 
orthovanadates  by  the  above  said  conventional  methods.  These  problems 
might  be  connected  to  the  instability  of  the  pentavalent  vanadium  at  high 
temperatures  and  the  loss  of  oxygen  through  surface  encrustation  by  the 
reaction  of  the  melt  with  the  crucible  material.  The  unstable  melt  behavior 
of  YV04  leads  to  the  appearance  of  zoning  in  crystals  due  to  the  variation 
in  the  dopant  concentration.  Recently,  it  has  been  observed  that  YV04 
crystals  are  very  difficult  to  grow  with  a stoichiometric  or  near 
stiochiometric  composition.  Further,  the  most  critical  aspect  is  the  appear- 
ance of  metastable  phases  which  precipitate  within  YV04  crystals.13391 
The  detection  of  correct  Y-V-0  stoichiometry  in  YV04  crystals  is  diffi- 
cult.13401 Moreover,  as  the  temperatures  involved  in  the  flux  growth  is 
about  1300°C  and  in  melt  growth  above  1800°C,  there  is  a high  probabil- 
ity of  vanadium  attacking  the  container.  In  order  to  overcome  most  of 
these  difficulties  in  melt  and  high-temperature  solution  techniques,  Byrappa 
et  al.  (1999)  have  preferred  hydrothermal  technique  as  a solution  to  this 
problem.  I325i  Since  the  experiments  in  hydrothermal  technique  are  carried 
out  in  a closed  system,  the  loss  of  oxygen  could  be  readily  prevented.  In 
addition,  the  experimental  conditions  adopted  by  the  authors  involve  the 
use  of  teflon  liners  for  the  autoclaves  and  the  interaction  between  the 
container  and  vanadium  is  avoided. 

The  experiments  on  the  hydrothermal  growth  of  R:M04  (R  = Nd, 
Eu;  M = Y,  Gd)  were  earned  out  using  Morey  type  of  autoclaves  provided 
with  teflon  liners.  The  use  of  teflon  liners  has  helped  in  overcoming  the 
entry  of  inclusions  from  the  autoclave  material.  The  schematic  diagram  of 
hydrothermal  autoclave  used  in  the  present  work  is  shown  in  Fig.  7.75. 
The  starting  materials  such  as  Y203,  V2Og,  and  R,03  (where  R = Nd,  Eu.) 
were  weighed  in  appropriate  proportions  in  teflon  liners.  A suitable 
mineralizer  solution  of  known  concentration  was  added  into  the  teflon 
liners  and  the  entire  mixture  was  stirred  well  until  a homogeneous  and 
relatively  viscous  solution  was  obtained.  The  temperature  was  kept  con- 
stant at  240°C  and  the  autogeneous  pressure  generated  depended  on  the 
fill,  usually  50-60%.  The  pFI  of  the  growth  medium  was  measured  before 
and  after  each  experimental  run.  In  the  present  work,  the  crystallization 
was  carried  out  in  all  the  experiments  through  spontaneous  nucleation. 
Flence,  an  effort  was  made  to  reduce  the  number  of  nucleation  centers  by 
increasing  the  temperature  of  the  crystallization  reactor  slowly  at  the  rate 
of  10°C/h  up  to  100°C  and  beyond  at  the  rate  of  5°C/h.  The  nutrient 
materials  were  held  at  240°C  for  a period  of  three  days  without  any 
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fluctuations  in  the  temperature.  From  the  fourth  day  onwards  the  tempera- 
ture fluctuation  to  the  tune  of  ± 10°C  to  + 20°C  were  introduced  periodi- 
cally to  reduce  the  number  of  nucleation  centers.  By  this  means,  small 
crystallites,  which  had  developed  earlier,  dissolve  leaving  only  bigger 
crystallites  to  grow.  The  authors  had  previously  employed  oscillating 
temperature  technique  to  obtain  bigger  crystals  of  yttrium  orthovanadates 
from  high-temperature  solutions. [336]  More  details  can  be  obtained  from 
this  work.  In  these  experiments,  it  was  observed  that  as  the  size  of  the 
crystal  increases,  the  crystal  quality  is  reduced.  The  formation  of  stable 
complex  R:YV04  at  240°C  and  around  100  bar  pressure,  must  have 
undergone  several  intermediate  stages  of  solvation  forming  stable  and 
unstable  solvated  complexes  from  room  temperature  to  240°C.  The  repre- 
sentative chemical  reactions  are  given  below: 


V205  + 10  HC1  -> 

Y203  + 3 HC1 

Y203  + 6 HN03  -> 

V205  + 6 HN03  -» 

2 VC14  + 4 HN03  -> 

2 VOCl3  + 8 Y (OH)3  -» 

2 VOCl3+  2 Y(N03)3 

yci3  + h3vo4  -> 

VOCl3  + Y(OH)3  -» 

2 H3V04  + 2 Y (N03)3  -» 

H3V04  + Y (N03)3  -> 

H3V04  + Y (OH)3  -» 


2 VCU  + 5 H20  + Cl2 1 
Y (OH)  3 + YC13 
2 Y (NOO,  + 3 H20 
2H3V04  + 3N205 1 
2 VOCT+2  HC1  + H2  T+  2 N205 1 
YgVoQjj  + 6 HC1  + 9 H20 
2 YV03  + 3 N205  + 3 C12T 
YV04+  3 HC1 
YV04  + 3 HC1 
2 YV04  + 3 H20  + 3 N205  1 
YV04  + 3 HN03 
YV04  + 3 H20 


.Underlined  formulas  represent  the  solid  precipitation 
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Figure  7.75.  Schematic  diagram  of  a hydrothermal  autoclave. [325] 

The  viscosity  of  nitric  acid  and  sulphuric  acid  greater  than  that  of 
HC1  to  HN03  would  form  a more  efficient  solvent  for  the  growth  of 
R:YV04.  The  dissolution  of  rare  earth  vanadates  in  HC1  and  HN03  is  a 
process  of  complex  formation  between  R3+,  V5+,  and  the  ligands  present  in 
the  solution  OH',  H20,  Cl",  NO3".  With  a rise  in  temperature,  the  associa- 
tion of  Cl"  with  H+  increases  the  yield  of  HC1  and  destabilizes  the  R3+ 
complex.  Under  these  circumstances,  nitrates  replace  chloride  ligands. 
Finally,  the  nucleation  takes  place  by  the  polymerisation  of  tetrahedral 
R3+  complexes.  The  yttrium  orthovanadate,  YV04  crystals  were  doped 
with  active  ions  like  Nd  or  Eu,  and  obtained  crystals  of  Nd:YV04  and 
Eu:YV04.  The  rare  earth  concentrations  are  in  the  range  5-10%.  After  the 
experimental  run,  the  autoclaves  were  quenched  initially  using  an  air  jet 
followed  by  water,  and  the  products  were  washed  thoroughly  in  double 
distilled  water  in  an  ultrasonic  cleaner  to  remove  all  excess  acid  media. 
The  crystals  obtained  were  well  faceted  single  crystals  of  2 to  4 mm  in  size. 

Solubility.  Successful  growth  of  any  crystal  insists  on  the  avail- 
ability of  solubility  data.  In  fact,  the  earlier  workers  did  not  attempt  the 
hydrothermal  growth  of  rare  earth  vanadate  crystals  due  to  the  lack  of  the 
solubility  data  on  these  compounds.  Mineralizers  like  HC1,  HN03,  HCOOH, 
HoS04,  NaOH,  NaF  and  mixed  acid  mineralizers  like  HC1  + HN03,  HC1  + 
HoS04,  HC1  + HCOOH  have  been  tried.  The  solubility  measurements 
were  carried  out  by  the  weight  loss  method.  Here  a crystal  is  kept  in 


566  Handbook  of  Hydrothermal  Technology 


equilibrium  with  an  appropriate  solution  at  the  desired  pressure  and 
temperature  conditions  for  a period  of  time  greater  than  that  is  necessary 
to  establish  equilibrium.  All  the  solubility  measurements  were  carried  out 
in  Morey-type  autoclaves.  Figure  7.76  shows  the  solubility  of  R:YV04  (in 
wt%)  as  a function  of  temperature  and  at  a pressure  of  100  bar  in  1.5  M 
FIC1  + 3.0  M F[N03.  R:YV04  shows  a negative  temperature  coefficient  of 
solubility  under  hydrothermal  conditions.  The  enthalpy  of  dissolution 
calculated  from  an  Arrhenius  plot  log  S Vs  103/T,  was  found  to  be  4.250 
kJ/mole  (Fig.  7.77).  The  experimental  temperature  to  study  the  solubility 
was  up  to  350°C.  It  was  found  that  above  300°C,  the  solubility  does  not 
alter  much,  which  suggests  that  the  crystal  growth  beyond  this  tempera- 
ture is  not  practical.  Flence,  from  the  solubility  data,  it  is  found  that  the 
temperature  range  between  180°  to  300°C  is  the  most  ideal,  and  240°C 
particularly  is  the  best  growth  temperature.  The  solvents  like  F1C1,  HN03, 
FFS04,  and  HCOOH  when  used  alone  were  not  good  solvents  since  fine 
crystalline  products  having  no  morphology  were  obtained.  The  use  of 
alkaline  solvent  did  not  result  in  the  crystallization  of  yttrium  orthovanadates 
but  instead  yttrium  hydroxides,  Y(OH)3  or  hydrous  yttrium  vanadates, 
YV04.nFFO  were  formed.  Since,  the  use  of  single  acid  solvents  did  not 
substantially  enhance  the  solubility,  mixed  acid  mineralizers  were  tried 
(HN03  + HC1,  HC1  + H2S04,  HN03  + HCOOH,  etc.,).  It  was  found  that 
1.5  M HC1  + 3.0  M HN03  taken  in  2:1  ratio  is  the  best  solvent  for  the 
growth  of  R:YV04  crystals. 


Figure  7.76.  Solubility  curve  of  Nd:YV04.[325] 
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Figure  7.77.  Arrhenius  plot  log  S vs.  103/T. 


Rare  earth  orthovanadate,  Nd:YV04  crystals  were  obtained  under 
hydrothermal  conditions.  The  earlier  workers  used  mostly  the  melt  tech- 
nique to  obtain  rare  earth  vanadates.  The  study  of  the  morphology  of 
crystals  is  very  important  since  the  crystal  habit  is  governed  by  the 
kinetics  rather  than  the  equilibrium  considerations  with  a number  of 
factors  like  degree  of  supersaturation,  solvent  type,  the  pH  of  the  media, 
etc.1341 1 Thus,  the  authors  have  studied  the  influence  of  these  parameters 
on  the  growth  morphology  of  Nd:YV04  and  Eu:YV04.  The  most  com- 
monly observed  morphology  is  rod-shaped  or  prismatic  habit.  Since  the 
requirement  of  a crystal  for  solid  state  laser  host  is  a thin  tabular  platelet  of 
5x5x2  mm  dimension,  the  crystals  obtained  either  by  flux  or  melt 
technique  exhibiting  highly  facetted  morphological  forms  have  to  be  cut 
and  polished  to  the  desired  shape  before  the  device  fabrication.  Hence,  an 
emphasis  has  been  made  on  the  influence  of  pH  of  the  growth  media  to  get 
the  desired  morphology.  Figure  7.78  a shows  photographs  of  doped  YV04 
crystals,  and  the  corresponding  schematic  diagrams  are  shown  in  Fig. 
7.78  b.  Table  7.27  gives  the  morphology  of  the  rare  earth  vanadates.  The 
morphology  could  be  changed  from  elongated  broad  hexagonal  platelets 
to  more  or  less  cubic  shape  by  a systematic  variation  in  the  pH  of  the 
growth  media,  and  the  thickness  was  controlled  to  ~2  mm.  Thus,  the 
largest  crystals  obtained  through  spontaneous  nucleation  provided  by 
temperature  oscillations  were  4.2  x 4.2  x 2.0  mm  in  about  eight  days  of 
experimental  duration.  Simple  rare  earth  vanadate  crystals  were  obtained 
when  the  pH  was  kept  low  (<  4.0),  and  Y (OH)3  and  YV04.nH,0  crystal- 
lized when  pH  > 4.0.  Well-developed  platelets  were  obtained  in  the  pH 
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range  -0.03  to  -0.15  (see  morphology  shown  in  Fig.  7.79).  In-situ  growth 
of  the  desired  morphology  under  moderate  hydrothermal  conditions  has 
shown  in  general,  that  yttrium  orthovanadate  crystals  have  a strong  ten- 
dency to  flattening.  The  authors  have  shown  that  some  rare  earth 
orthovanadates  obtained  by  flux  method,  bearing  Pr,  Eu,  and  Tm  are 
almost  isometric.  A study  of  the  growth  rate  of  the  rare  earth  vanadate 
crystals  was  attempted  and  Fig.  7.80  shows  the  dependence  of  growth  rate 
on  the  pH  of  the  growth  media.  Higher  growth  rate  was  obtained  in  the  pH 
range  -0.08  to  0.08,  in  which  the  crystals  grow  thicker  and  the  optical 
quality  suffers.  It  has  been  earlier  reported  that  the  rare  earth  vanadates 
belonging  to  the  zircon  type  show  a tendency  for  banding/zoning,  particu- 
larly on  the  (001)  face.13421  The  yttrium  orthovanadate  crystals  generally 
show  dark  brown  to  light  brown  colors  with  a change  in  the  dopant  level. 
The  darker  colors  appear  when  the  crystals  grow  thicker  and  molar  ratio  is 
not  maintained  properly  because  the  growth  depends  on  the  control  of 
oxygen  activity  and  surplus  V,05.  Small  quantity  of  hydrogen  peroxide 
was  added  in  order  to  create  oxygen  rich  atmosphere  and  that  in  turn 
improved  the  quality  of  the  crystals.  It  became  honey  yellow  in  color, 
uniform  throughout,  and  the  transparency  also  increased.  The  hydrother- 
mally  grown  crystals  do  not  show  zoning  or  banding,  unlike  the  rare  earth 
orthovanadates  obtained  by  other  techniques. 


(a) 

Figure  7.78.  (a)  Photographs  of  doped  YV04  crystals,  and  (b)  schematic  dia- 
grams. [325] 
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Figure  7.78.  (Cont’d.) 


(b) 


Table  7.27.  Morphology  of  Yttrium  Orthovanadates 


Composition 

Growth 
temp  (°C) 

pH 

range 

Common 

faces 

Growth 

rate 

Nd  : YV04 

240 

0.05  to 
0.10 

(001)  (010)  (110) 

7(110)  > /(010) 

Nd  : YV04 

240 

-0.03  to 
0.15 

(001)  (100)  (010) 

7(100)  > 7(010) 

Nd:YV04 

pH  = 0.08 


Figure  7.79.  Morphology  of  rare  earth  vanadates. [325] 
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Figure  7.80.  Dependence  of  growth  rate  on  the  pH  of  the  growth  media.  [325] 


7.16.2  Growth  of  Mixed  Valent  Vanadates 

The  first  hydrothermally  grown  mixed  valent  vanadate  is 
NH4Zr2V30  j 2 a proton  conductor.  i324l  In  comparison  with  flux  and  melt 
techniques,  the  hydrothermal  growth  of  vanadates  has  been  carried  out  at 
fairly  lower  temperature -pressure  conditions  (T < 300°C  and  P < 100  bar). 

Although,  the  method  is  not  very  popular  for  vanadates,  it  has 
helped  in  synthesizing  several  new  vanadates  with  unique  structures.  Oka 
and  his  group  have  prepared  a series  of  vanadates  under  mild  hydrother- 
mal conditions. [319] 

A series  of  experiments  were  conducted  by  hydrothermal  method 
to  obtain  NH4Zr2V3012  crystals,  the  initial  experiments  with  a varying 
molar  ratio  of  the  nutrient  components  yielded  only  a crystalline  powder 
without  any  experimental  morphology,  the  authors  were  able  to  finally 
synthesize  small  needle-like  crystals  of  NH4Zr2V  3012  under  the  following 
conditions:  T = 250°C,  P = 200  atm;  NH4V03  5 gm  and  HCOOH  (2.0M) 
6ml.13241  The  experiments  were  carried  out  for  eight  days  using  teflon 
liners  in  Morey-type  autoclaves  of  capacity  50  ml.  Since  crystallization 
occurred  due  to  spontaneous  nucleation,  the  furnace  temperature  was 
slowly  increased  to  control  the  nucleation  rate  (~  5°C  / hr.).  The  main 
drawback  of  this  method  is  the  small  size  of  the  crystals  (Fig.  7.81). 

Here  it  is  appropriate  to  discuss  the  growth  of  some  selected 
vanadate  crystals  like  FeV04  and  MV307  (M  = Cd,  Ca,  Sr). 


Figure  7.81.  Photographs  of  NFfjZ^VjO^  crystals  obtained  under  hydrothermal  conditions. [324] 
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Iron  vanadate,  FeV04  exhibits  four  polymorphs  (FeV04-I,  FeV04- 
II,  FeV04-III,  FeV04-IV)  belonging  to  triclinic,  orthorhombic,  orthor- 
hombic and  monoclinic  respectively  J344k345]  In  the  preparation  of  FeV04- 
II,  Yao  et  al.  (1992)  used  the  aqueous  solutions  of  VOCl2  and  FeCl3  with 
V/Fe  molar  ratios  of  0.5  to  1.0,  where  the  concentration  of  FeCl3  was  fixed 
to  0.1  mol/litcr. 13461  The  solutions  were  sealed  in  Pyrex  ampoules  and 
treated  hydrothermally  at  280°C  for  40  hours.  Similarly,  Oka  and  his 
group  prepared  several  layered  structures  of  hydrated  vanadium  oxides, 
and  bronzes,  as  these  oxides  in  hydrated  states  have  a tendency  to  adopt 
layered  structures  accommodating  foreign  cations  in  the  interlayer  re- 
gions. Layered  phases  containing  alkali-metal  ions,  the  alkali-metal  inter- 
calates A0  3V005-nFLO  (A  = alkali  ion)  have  been  successfully  synthe- 
sized under  hydrothermal  conditions.  These  vanadates  are  usually  pre- 
pared hydrothermally  at  250°C  from  aqueous  V0S04  solutions  under 
autogenous  pressure. F46H348] 


7.17  HYDROTHERMAL  SYNTHESIS  OF  BORATES 

Borates  have  been  studied  for  the  past  75  years.  Over  85  phases 
have  been  established  with  58  known  compounds  belonging  to  over  9 
different  structure  types.  The  study  of  borates  in  general  was  purely  of 
academic  interest  and  did  not  carry  any  great  significance  until  the  late 
1970s  when  mixed  alkali  borates  were  first  used  in  miniature  laser 
applications. [3491  Subsequently,  lithium  boracite  was  reported  to  be  ex- 
hibiting superionic  properties. [35°1  However,  these  applications  did  not 
generate  any  special  interest  among  materials  scientists,  but  it  is  the  /3- 
bariurn  borate,  which  opened  a new  chapter  for  borates.1351 1 The  recent 
discovery  of  piezoelectric  Li0B407  and  nonlinear  optical  LiB305  has 
attracted  a great  deal  of  attention  from  materials  scientists,  and  today  it 
is  the  alkali  borates  that  are  being  studied  extensively  world- 
wide.[352][353]  The  growth  of  alkali  borates  is  being  carried  out  mostly  by 
melt  and  flux  techniques.  There  are  some  reports  about  the  solid-state 
reactions,  but  the  work  on  borates,  in  general  by  hydrothermal  tech- 
nique, was  almost  untouched  except  for  the  past  decade.  Only  a few 
alkali  borates  have  been  obtained  by  the  hydrothermal  technique.  The 
Li20-B,03  system  was  first  studied  in  1958  by  Sastry  and  Hummel  by 
the  flux  method. 13541 
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In  general,  the  alkali  borates  exhibit  essentially  framework  struc- 
tures made  up  of  [B04]  tetrahedra  and  [B03]  triangles.  Among  alkali 
borates,  only  one  compound  shows  a chain  arrangement,  some  four 
compounds  show  islands,  and  two  compounds  show  a layered  arrange- 
ment. The  ring  arrangement  in  general  is  absent.  On  the  other  hand,  the 
phosphates,  silicates,  and  sulphates  show  extensive  chain  and  ring  ar- 
rangements and  the  crystals  essentially  belong  to  the  lower  symmetry.  The 
alkali  borates,  because  of  their  basic  structural  units  made  up  of  [B03] 
triangles  and  [B04]  tetrahedra,  crystallize  both  in  higher  and  lower  sym- 
metry systems  and  show  wide  morphological  variations.  Similarly,  the 
growth  experiments  clearly  show  that  any  slight  change  in  any  of  the 
growth  parameters  would  drastically  change  the  resultant  products.  Hence, 
the  study  of  morphology  of  alkali  borates  is  very  interesting  and  a wide 
range  of  morphological  variations  has  been  observed  which  exhibit  some 
definite  relationship  with  reference  to  the  type  of  the  structure,  compound, 
and  growth  conditions. 

Borates  were  almost  ignored  by  hydrothermal  crystal  growers.  It 
was  only  during  the  last  decade  that  we  become  acquainted  with  an  in- 
depth  knowledge  about  the  behavior  of  boron  in  the  hydrothermal  solu- 
tions and  its  interaction  with  various  metal  cations.  Although,  not  much 
has  been  done  on  the  alkali  borate  systems,  several  other  borate  systems 
like  alkali  transitional  metal  borate  systems  have  been  studied  in  detail. 
Today  we  have  data  available  on  several  borate  systems  like  Na,0-CdO- 
B203-H20,  Li20-Cd0-B203-H20,[355l  Na20-Zn0-B203,  Li20-Cd0-B203- 
H20  K20-Zn0-B203-H20,  Zn0-B203-H20,l356lMg0-Cd0-B203-H20,l357l 
Li20-Zn0-B,03-H00,l358l  under  hydrothermal  conditions.  More  than  25 
different  borate  components  have  been  obtained  by  hydrothermal  tech- 
nique and  many  of  them  show  interesting  luminescence,  nonlinear, 
superionic,  properties.  For  example,  the  Li,0-Zn0-B003-H20  system  has 
been  studied  under  hydrothermal  conditions  within  the  temperature  range 
250-450°C.  (See  Fig.  7.82  a,  b,  c.)[358]  A series  of  lithium  borates  like 
LiBCf,,  Li2B407,  Li3B5Os(OH)2  and  mixed  borates  like  Li4Zn3B4On, 
Li8Zn4B6017  have  been  obtained  in  this  system.  Further,  the  authors!358! 
have  added  MnO  into  the  nutrient  in  a very  small  quantity  and  the 
experiments  have  been  carried  out  using  copper  ampoules.  It  is  well- 
known  that  all  the  zinc  compounds  activated  with  Mn2+  show  strong 
luminescence  in  green  or  orange  regions. !3591  Hence,  the  authors  have 
added  a small  quantity  (0.5  mol  %)  of  Mn2+  into  the  system  M^O-ZnO- 
B203-H20  (M  = Li,  Na,  K).!358! 


(a)  I-Z114  [ BgOj  ^ ] O , tl—  Li^B^Og  ( OH ) 2 
III-LiZnIJ03,  IV-ZnOr  * 

V-4L±2O.4ZnO.3B203r  VI-LiB02 
(b,c)  I-2Li20. 3ZnO.  2B2tl3, 

II^Li3B508(OHl 1,  III-Li2B407, 
rv-Zn4 [ BgOx 2 I '3,  V-ZnO, 

VI- 4Iji20.4Zn0.3B203, 

VII- r,iBC>2 


N(ZnO/B203) 

5:1 
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Figure  7.82  (a-c).  Phase  diagrams  of  Li20  - Ln203  - B203  - HUO.P58] 
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Further,  it  is  known  that  Mn  and  Cu  arc  the  activators  of  Li2B407 
for  thermally  stimulated  luminescence  dosimeters. [36°][36i]  Here  it  is  ap- 
propriate to  quote  the  earlier  work  of  Garret  et  al.  (1977)  who,  while 
growing  Li9B407  observed  that  only  small  crystals  of  Li9B407  could  be 
obtained  because  of  the  highly  corrosive  nature  of  Li20-B  203  that  melts 
the  platinum  crucibles.  Therefore,  the  use  of  copper  ampoules  for  the 
borate  system  is  doubtful  and  copper  might  contribute  to  the  crystalliza- 
tion of  various  other  phases  just  like  the  addition  of  MnO  in  the  system 
Li20-Zn0-B203-H90  as  reported  earlier.13581  The  authors  have  studied 
this  Li20-B203-FL0  system  under  lower  PT  conditions  (T  = 200-300°C, 
P = 50-200  bar)  and  discovered  several  new  phases  like  Li4H0B206, 
LiH9B509,  etc.  The  crystal  structures  of  these  compounds  show  that  they 
are  the  potential  technological  materials.  It  is  observed  that  in  the  system 
M20-Cd0-B203-H90  (M  = Li,  Na),  the  alkali  concentration  determines 
the  sequence  of  crystallizing  phases.  Figure  7.83  shows  the  phases  crystal- 
lizing in  the  system  Li90-B903-H20  under  hydrothermal  condition.13621 
At  low  alkali  concentrations,  alkali-free  borates  are  formed.  In  the  cad- 
mium systems  it  is  CdB204,  cubic  borate  with  a framework  structure  and 
at  300°C  it  is  aqueous  borate  with  the  composition  6Cd0-3B203-4FF,0 
that  are  formed.  In  the  right  upper  part  of  the  diagram  another  cubic  borate 
is  formed — Cd4(B03)9(0FI)2.  In  the  lithium  system,  the  region  between 
pure  cadmium  and  pure  lithium  borates  is  the  region  where  Li-  and  Cd- 
borates  are  crystallized.  These  borate  structures  provided  a wealth  of 
information  for  further  development  of  hydrothermal  and  crystal  chemis- 
try of  borates.  This  data  illustrates  the  trend  of  boron  atoms  to  occupy 
tetrahedral  positions  for  higher  concentration  of  boron  and  ‘triangle’ 
positions  if  the  boron  concentration  is  low.  In  the  former  case  the  B-0 
fragments  prevail,  whereas  large  cations  play  less  important  role  (CdB407), 
in  the  latter  case  the  B-0  fragments  are  the  links  connecting  Cd(Ca,  K,  Li) 
fragments.  Such  triangles  in  the  Cd4(B03)2(0FI)9  structure  impart  addi- 
tional rigidity  to  the  strong  Cd-0  framework.  Some  intermediate  variants 
are  also  observed — both  boron  coordinations  are  possible  in  a compound, 
e.g.  in  K9CaB405(0FI)4-8FL0  and  Li3B508(0H)2-II.I355F[357]  The  crystals 
of  lithium  rare  earth  borates  Li3Nd9(B03)  3 and  LiNd[B03(0FI)]  were 
synthesized  in  the  systems  Li20-Ln903-B203-FF,0  at  LiOFI  concentra- 
tions 20-30  wt%3356l 
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Figure  7.83.  Phases  crystallizing  in  the  system  Li20-B20rH20  under  hydrother- 
mal conditions. [362] 


7.17.1  Hydrothermal  Growth  of  Selected  Borates 

It  is  practically  impossible  to  describe  the  hydrothermal  growth  of 
each  and  every  type  of  borate  crystals.  Therefore,  the  authors  have  de- 
scribed the  hydrothermal  growth  of  only  some  important  borate  materials 
and  their  overall  growth  elucidation. 

Li2B407.  Lithium  tetraborate  (Li2B407)  is  an  important  piezo- 
electric and  nonferroelectric  crystal  which  has  attracted  great  attention  in 
research  and  industry  for  it’s  application  in  surface  acoustic  wave  (SAW) 
and  bulk  acoustic  wave  (BAW)  devices.  It  has  a lower  temperature 
coefficient  of  delay  than  lithium  niobate  and  tantalate  and  a higher  electro- 
mechanical coupling  constant  than  a-quartz.  Since  berlinite  has  several 
major  problems  in  it’s  growth  as  large  single  crystals,  lithium  tetraborate 
is  becoming  an  attractive  prospect  as  a piezoelectric  crystal. [363]  The  raw 
materials  for  the  growth  of  Li2B407  in  large  quantities  are  abundant,  and 
the  ready  availability  of  isotopically  pure  6Li,  10B,  and  1 1 B as  the  nutrient 
materials  make  Li2B407  growth  both  practical  and  economical. 
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Before  Garret  et  al.  (1977),  only  small  crystals  or  grains  of 
Li2B407  were  obtained.  Although  an  attempt  was  made  to  synthesize 
Li2B407  by  the  hydrothermal  method,  the  size  of  the  crystal  was  too  small 
(Fig.  7.84).  It  always  had  some  divalent  metal  oxide  like  MnO  or  CuOJ356! 
Perhaps  this  is  mainly  due  to  the  corrosive  nature  of  the  Li90-B203  melt 
towards  the  platinum  crucible.  Flence,  Garret  et  al.  (1977)  used  the  nickle 
crucibles.  Flowever,  the  method  adopted  by  these  authors  is  quite  cumber- 
some because  of  the  complexity  of  the  technique  that  has  a graphite 
susceptor  and  inert  atmosphere.  The  only  method  advocated  up  to  now  by 
various  authors  to  grow  Li9B407  crystals  is  the  melt  technique,  particu- 
larly the  Czochralski  method. [364]-[366]  More  recently,  a group  of  Chinese 
researchers  have  successfully  obtained  large  crystals  (2  inch  dia  and  4 inch 
length)  of  high  quality  Li9B407  for  the  first  time  by  Bridgman  tech- 
nique. !367!  Almost  at  the  same  time  a Japanese  group  has  reported  the 
preparation  of  LUB407  thin  films  by  sol-gel  method.!349!  The  Li2B407 
crystals  obtained  by  the  Czochralski  method  always  show  coring  which  is 
the  main  macrodefect  thereby  hindering  wide  industrial  applications  of 
Li2B407  in  the  manufacture  of  SAW  and  BAW  devices,  i.e.,  a continuous 
or  intermittent  opaque  region  parallel  to  the  growth  direction  at  the  central 
core  of  the  crystal  often  occurs  and  is  related  to  the  growth  rate,  deviation 
of  the  melt  composition  from  stoichiometry  (for  example,  becomes  Li 
rich)  and  contents  of  FI70  or  09  in  the  melt  of  LLB407. 1365113661  In  the 
Bridgman  growth  of  Li9B407  the  authors  have  observed  a similar  opaque 
core  in  the  Li9B407  crystal,  and  considered  this  defect  to  be  a cluster  of 
holes  and  a cellular  structure  or  dendritic.!367!  A few  white  inclusions  of 
impurities  and  evidence  of  constitutional  supercooling  in  the  holes  or  on 
the  walls  of  cells  have  been  observed.  Similarly,  the  cracking  by  thermal 
stress  frequently  occurs  in  Cz  growth  because,  of  the  anisotropy  of  the 
expansion  coefficient  of  Li9B407.  No  cracks  due  to  thermal  stress  occur  in 
Bridgman  growth  of  Li9B407  for  various  orientations,  since  the  tempera- 
ture gradient  in  the  Li2B407  crystal  is  smaller.  Flowever,  if  the  residual 
melt  on  the  top  of  an  as-grown  crystal  in  <100>  or  <11 0>  directions 
changes  into  polycrystalline  phase  by  fast  cooling,  cracks  in  the  Li9B407 
occur  often  in  the  top  region.  Similarly,  the  sol-gel  technique  has  some 
disadvantages  although,  the  method  has  several  advantages  like,  it  allows 
high  purity,  low  processing  temperature,  precise  composition  control  and 
the  formation  of  bulk  monoliths,  fibers  and  coating  films.  The  important 
conclusions  drawn  by  the  authors  based  on  their  work  on  sol-gel  method  is 
that  a larger  amount  of  water  is  necessary  for  the  crystallization  of 
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Li2B407  thin  films,  but  also  to  suppress  the  formation  of  undesirable 
crystalline  phases  other  than  Lr,B4073368l  Obviously,  hydrothermal  tech- 
nique helps  not  only  in  the  crystallization  of  Li,B407  crystals  at  fairly 
lower  temperatures,  but  also  in  solving  many  of  the  problems  encountered 
in  other  methods  as  described  earlier.  As  a contrary  to  the  result  of  Garret 
et  al., 13641  no  difficulties  were  experienced  using  platinum  crucibles  to 
contain  the  melt  by  the  authors. [366]  Hence,  in  order  to  avoid  these  contro- 
versies, Byrappa  and  Shekar  (1992)  used  telfon  liners  such  that  incorpora- 
tion of  impurities  could  be  totally  avoided. [369] 


Figure  7.84.  Characteristic  photographs  of  Li2B407  crystals. [356] 


The  experiments  on  the  hydrothermal  synthesis  of  Li2B4Oy  were 
carried  out  using  Morey  type  autoclaves  provided  with  teflon  liners  of 
capacity  25  ml.  The  use  of  teflon  liners  has  helped  in  overcoming  the 
corrosive  nature  of  the  melt  (Li20-Bi03).  The  nutrient  materials  such  as 
LiBO,  or  LiOH  and  Boric  acid  were  taken  in  teflon  liners.  The  molar  ratio 
of  the  starting  materials  was  selected  through  theoretical  calculations.  The 
percent  fill  was  varied  from  50-60%.  Several  mineralizers  like  HC1, 
HCOOH,  HoS04,  and  HN03  were  tried  in  the  synthesis  of  Li2B407 
crystals.  The  experimental  conditions  are  given  in  Table  7.28.  It  was 
found  that  only  HCOOH  acts  as  a suitable  mineralizer,  whereas  the  other 
solvents  like  HC1  and  HN03  did  not  yield  good  crystals.  Further,  the 
molarity  of  HCOOH  was  varied  from  1 M to  3.5  M and  it  was  found  that 
good  results  were  obtained  in  1.5M  HCOOH  solution. 


Table.7.28.  Experimental  Conditions  For  The  Growth  of  Li2B407  Crystals [369J 


No. 

Nutrient 

Composition 

Temp. 

(°C) 

Pressure 

(bars) 

% fill 

Duration 

(days) 

Size 

(mm) 

Remarks 

1. 

LiB02-  1.668 
B203  - 2.332 
HCOOH(3M)  - 8 ml 

250 

120 

70 

8 

4-14 

bulk  crystals  of 

tetragonal 

and  regular  shapes 

2. 

LiB02- 1.668 
B203  - 2.332 
HCOOH(2.5M)  - 8 ml 

250 

115 

65 

9 

1-8 

polycrystalline 
and  wedge 
shaped  crystals 

3. 

LiB02-  1.668 
B203  - 2.332 
HCOOH(2M)  - 8 ml 

250 

100 

60 

8 

3-10 

wedge 

shaped  crystals 

4. 

LiB02-  1.668 
B203  - 2.332 
HCOOH(1.5M)-6.5ml 

250 

100 

55 

7 

1-8 

wedge 

shaped  crystals 

5. 

LiB02-  1.668 
B203  - 2.332 
HCOOH(  1 .5M)  - 6 ml 

250 

90 

50 

8 

0.5-2 

well  developed 

tetragonal 

crystals 

6. 

LiB02-  1.668 
B203  - 2.332 
HCOOH(3M)  - 8 ml 

250 

120 

70 

8 

4-14 

bulk  crystals 
of  tetragonal 
and  regular  shapes 
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The  formation  of  Li2B407  takes  place  according  to  the  following 
reactions: 


2 LiB02  + 2 HCOOH > 2 LiHCOO  + B203  + H20 

LiHCOO  + H3BO3 > LiB(OH)4  + CO 

2 LiB(OH)4  + 2 H3BO3 > Li2B407  + 7 H20 

The  formation  of  the  hydroxy  borate  ion  on  ionization  of  boric 
acid  is  spontaneous.  It  is  possible  that  the  intermediate  solvated  com- 
plexes like  boric  acid  (it  is  a weak  electrolyte  and  the  complexes  formed 
are  rather  stable),  LiHCOO  and  LiB02  interact  with  each  other  because  of 
their  ionic  bonding  or  very  low  charge  in  order  to  give  a stable  coordinated 
compound  having  a high  lattice  energy  and  relatively  stronger  ionic 
bonding,  Li2B407. 

The  crystallization  was  carried  out  in  all  the  experiments  through 
spontaneous  nucleation.  As  such,  the  crystals  obtained  under  the  above 
said  conditions  are  colorless,  highly  transparent  and  vary  in  size  from  5 to 
6 mm.  The  crystals  are  transparent  and  the  faces  are  also  well  developed 
(Fig.  7.85  a , b).  In  general,  the  morphology  of  the  hydrothermally  grown 
Li2B407  is  very  interesting  and  it  varies  widely  depending  upon  the 
experimental  conditions,  particularly  the  starting  materials  and  the  per- 
cent fill.  Even  the  size  of  the  crystals  varies  depending  upon  the  above 
parameters  from  1 mm  up  to  12  mm.  As  the  pressure  in  the  system  was 
decreased  slowly  (up  to  40  atm),  the  size  of  the  crystals  increased.  In  some 
experiments  the  authors  have  obtained  well-developed  and  perfect  tet- 
ragonal crystals  (Fig.  7.86)  of  small  size  and  in  some  other  experiments 
wedge  shaped,  massive  and  irregular  crystals. [370]  When  the  size  of  the 
crystals  is  large  the  crystals  become  less  transparent.  Li2B407  crystals  can 
be  obtained  within  the  following  molar  ratio:Li20:B203  = 1:7-9.  The 
chemical  analysis  of  the  Li2B407  obtained  shows  that  the  ratio  Li20:B203 
is  higher  than  the  theoretical  ratio:(69.2  molar  % B203-experimental  ratio 
as  against  66.6  M % of  B203-theoretical)  as  in  the  case  of  Ref.  367.  Figure 
7.87  shows  the  schematic  diagram  of  morphological  variations  in  Li2B407 
crystals  with  the  %fill  in  the  autoclaves. [367J 
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Figure  7.85.  Photographs  of  Li2B407  crystals.  [37°1 


Figure  7.86.  Photograph  of  tetragonal  crystal  of  Li2B407.[37°] 
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(a } 

70  Percent  fill 
3 M HCOOH 


lb) 

65  Percent  fill 
2.5  M HCOOH 


( c ) 

60  Percent  fill 
2 M HCOOH 


(<S> 

55  Percent  fill 
1.8  M HCOOH 


(c) 

50  Percent  fill 
1 . 5 M HCOOH 


Figure  7.87.  Schematic  diagram  of  morphological  variations. P™] 


In  order  to  reduce  the  number  of  nucleation  centers,  the  tempera- 
ture of  the  crystallization  reactor  was  increased  very  slowly  at  the  rate  of 
10°C/h  up  to  100°C  and  beyond  which  at  the  rate  of  5°C/h.  The  nutrient 
materials  were  held  at  250°C  for  a period  of  three  days  without  any 
fluctuations  in  the  temperature.  From  the  4th  day  onwards  the  temperature 
fluctuations  to  the  tune  of  ± 20°C  were  introduced  periodically  in  order  to 
reduce  the  nucleation  centers.  By  this  means,  the  earlier  developed  small 
crystallites  dissolve  and  only  the  bigger  crystallites  remain.  This  provides 
the  growth  of  bigger  crystals  (12x  12x  10  mm).  The  big  crystals  do  show 
cracking  due  to  the  thermal  stress  during  the  sudden  quenching  of  the 
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autoclaves  after  the  experiments.  Striations  and  thermal  cracking  are 
commonly  noticed  in  Li,B407  crystals  obtained  by  Czochralski  and 
Bridgman  techniques.  However,  the  greatest  advantage  in  the  hydrother- 
mal growth  is  that  the  thermal  stress  either  during  the  growth  or  during  the 
quenching  can  be  easily  overcome.  Further,  the  hydrothermal  method 
helps  in  growing  the  pure  and  laigc  single  crystals.  This  work  has  clearly 
demonstrated  the  advantages  in  growing  Li2B407crystais  devoid  of  all  the 
macrodefects.  Even  the  separately  crystallized  Fi2B407  crystals  with  the 
experimental  duration  of  8-10  days  have  yielded  crystals  of  12  x 12  x 
1 0mm  size  which  shows  fairly  higher  growth  rates.  Therefore,  a careful 
study  of  the  growth  parameters  and  an  introduction  of  seed  will  make  this 
technique  a more  attractive  one  for  Li2B407.  It  is  well-known  that  both 
Li2B407  and  berlinite  are  the  most  suitable  piezoelectric  materials  having  high 
SAW  coupling  coefficients  for  high  frequency  and  temperature  compensa- 
tion. Here,  it  is  appropriate  to  mention  that  the  growth  of  berlinite  has  been 
proved  to  be  extremely  difficult  so  as  to  obtain  large  single  crystals  of  high 
quality,  owing  to  the  difficulties  associated  with  the  highly  corrosive  nature  of 
P905,  it’s  high  reaction  susceptibility  and  the  negative  temperature  coeffi- 
cient of  solubility.  Therefore,  the  successful  growth  of  high  quality  Li2B407 
by  hydrothermal  technique  would  solve  the  existing  problems  with  respect  to 
the  other  techniques  adopted  so  far.  Also,  the  use  of  teflon  liners  and  the 
availability  of  isotopically  pure  stalling  materials  help  in  getting  highly  pure 
crystals.  Further,  the  temperature  and  pressure  condition  involved  in  the 
growth  of  Li2B407  is  relatively  low  and  this  insists  upon  very  simple 
autoclave  designs  and  higher  practicability.  Byrappa  et  al.  (1993)  have 
studied  the  solubility  of  LBO  under  hydrothermal  conditions  with  reference 
to  the  molarity,  percent  fill,  pressure,  etc.  in  different  solvents. [370]  The 
solubility  is  found  to  be  positive.  The  solubility  measurements  were  carried 
out  by  weight  loss  method  in  different  solvent  media  and  these  studies  were 
performed  with  utmost  care  to  obtain  good  results  by  taking  the  average 
values.  The  possible  errors  if  any  in  our  measurements  are  due  to  the 
fluctuations  in  temperature  (±  1°C),  weight  and  volume  determination. 
Figures  7.88  a,  b,  and  c show  the  solubility  curves  for  FBO  crystals  with 
varying  molarity  of  FiOH,  HCOOH,  pressure  and  temperature.  As  evident 
from  Fig.  7.88,  the  ideal  temperature  for  the  growth  of  FBO  crystals  is  within 
the  temperature  range  200  to  260°C  (Fig.  7.88«).  Similarly,  the  ideal  molarity 
range  of  the  mineralizer  in  the  growth  of  FBO  crystals  is  1.5  to  1.8M  (Fig. 
7.886). 
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Li3B508(0H)2.  The  synthesis  of  Li3B508(0H)2  crystals  has  been 
reported  earlier  by  the  authors  while  investigating  the  system  Li90-Zn0- 
B903-H90  under  hydrothermal  conditions  within  the  temperature  range 
250-450°C. 13561  They  obtained  the  crystals  through  the  following  chemi- 
cal reactions: 

Eq.  (27)  3LiOH  + 5H3B03 > Li3B508  (0H)9  + 8H20 

This  has  two  polymorphic  modifications:  Li3B508(0H)2  (1)  and 
Li3B508(0H)  (11).  They  have  obtained  a series  of  lithium  borates:  LiB09, 
Li2B407,  Li3B508  (OH)9  and  mixed  Zn  borates:  LiZnB03, 
2Li90-3Zn0-2B903,  4Li90-4Zn0-3B203.  Among  these,  Li3B508  (OH)2 
crystallizes  within  a narrow  region  (as  shown  in  Fig.  7.83)  when  MnO 
was  added  into  the  nutrient  in  a very  small  quantity.  Contrary  to  these 
earlier  works,  Byrappa  et  al.  (1992)  obtained  Li3B508(0H)9  crystals  in 
the  system  Li20-B903-H90  under  lower  PT  conditions  ( T = 240°C, 
P = 100  atm)  in  the  absence  of  any  other  components  like  MnO  or 
CuO.[371] 

The  experiments  were  carried  out  using  a Morey-type  autoclave 
provided  with  teflon  liners.  The  starting  materials  such  as  LiOH  and 
H3B03  were  taken  in  teflon  liners.  The  percent  fill  was  varied  from 
50-60%.  Several  mineralizers  were  tried  and  the  HCOOH  was  found 
to  be  a better  mineralizer  with  it’s  molarity  varying  from  1.5-5  M.  In 
most  of  the  earlier  works  LiOH  has  been  taken  as  a mineralizer.  A 
change  in  the  concentration  of  LiOH  in  the  system  changes  the  resultant 
lithium  compound.  Byrappa  et  al.  (1992)  observed  that  LiOH  exists  in 
the  system,  the  presence  of  additional  mineralizer  namely  HCOOH 
enhances  the  solubility  of  this  compound  and  the  solvation  pro- 
cesses. I371J  Figure  7.89  shows  the  solubility  of  Li3B508(0H)2  in 
HCOOH. [3721  The  formation  of  Li3B508(0H)9  takes  place  according  to 
the  following  reactions: 

Eq.  (28)  LiOH  + H3B03 > LiB09  + 2H90 


Eq.  (29) 


3LiB09  + 2H3B03 


■»  Li3B508(0H)9  + 2H90 
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Figure  7.89.  Solubility  of  Li3B508  (OH)2  in  HCOOHJ372] 


Water  is  considered  as  the  hard  base  and  strongly  acts  upon  the 
dissolution  of  the  solvanted  particles  of  LiB02  and  determines  the  solubil- 
ity of  the  final  resultant  acid  base  complex,  i.e.,  Li3B508(0H)2.  It  must 
have  been  formed  through  several  intermediate  stages  of  solvation  and 
formed  several  stable  and  unstable  ions  through  an  active  interaction 
between  the  solute  and  solvent  depending  upon  the  dissolution  energy  of 
various  cations  and  doners.  Usually  when  HCOOH  is  taken  as  a mineral- 
izer, LiOH  forms  LiHCOO  which  later  forms  LiBOi  and  interacts  with 
H0B03.  Since  the  system  studied  is  a quarternary  system,  it  becomes 
extremely  difficult  to  assess  the  exact  stage  and  nature  of  crystallization. 
The  reactions  given  are  more  or  less  hypothetical  without  much  specula- 
tion. It  is  possible  that  the  intermediate  solvated  complexes  like  LiHCOO 
and  LiB02  interact  with  each  other  because  of  their  weak  ionic  bonding  or 
very  low  charge  in  order  to  give  a stable  co-ordinated  compound  with  a 
high  lattice  energy  and  relatively  strong  ionic  bonding,  Li3B5Og(OH)0. 
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The  experimental  conditions  in  the  hydrothermal  synthesis  of 
Li3B508(0FI)9  are  given  in  Table.  7.29.  The  size  varies  up  to  15mm  and 
the  crystals  are  good  in  quality  (Fig.  7.90).  The  present  study  also  shows 
that  Li3B508(0FI)i  crystallizes  within  a narrow  region  in  the  system  Li20- 
B0O3-Fl9O  (Fig.  7.83).  The  crystals  were  occasionally  twinned  and  are 
transparent.  Since,  Li3B508(0Fl)9  crystals  of  size  15mm  could  be  obtained 
in  an  experimental  run  of  8-10  days,  a careful  study  of  growth  parameters 
and  an  introduction  of  the  seed  will  enable  one  to  grow  bigger  crystals. 

Li4B7012Cl.  In  the  recent  years  boracites  have  attracted  attention 
of  Materials  Scientists  owing  to  their  variety  of  applications  in  modern 
technology,  particularly  after  the  successful  application  of  transitional 
metal  rare  earth  borates — NdAl3(B03)4,  Nd(Al,Cr)3(B03)4, 
Nd(Ga,Cr)3(B03)4,  etc. — as  miniature  laser  materials.!349]  Almost  at  the 
same  time,  high  ionic  conductivity  was  observed  in  lithium  boracite 
(Li4B7OpCl). 13731  This  compound  was  successfully  synthesized  in  1 972. 13741 
Later  the  structure  of  the  compound  was  reported  in  1 973. 13731  This 
compound  has  been  reported  to  be  obtained  earlier  by  two  techniques:  1) 
through  sublimation,  and  2 ) hydrothermally.  Although  the  hydrothermal 
technique  has  been  successfully  adopted  to  the  synthesis  of  this  com- 
pound, the  PT  conditions  were  quite  high  and  crystal  size  was  too  small 
and  less  then  1 mm.  Byrappa  et  al.  (1992)  selected  the  suitable  composi- 
tion region  in  the  phase  diagram  where  Li4B7OpCl  could  be  crystallized 
in  the  presence  of  Cl  under  hydrothermal  condition.!376]  They  took  chlo- 
rine in  the  starting  mixture  as  FIC1  with  a varying  molarity.  Figure  7.83 
shows  the  crystallization  boundary  for  this  compound,  Li4B7012Cl.  The 
crystallization  field  is  rather  narrow  and  any  slight  change  in  the  composi- 
tion will  give  rise  to  other  varieties  of  lithium  borates  like  LLB407, 
LiB305  and  Li3B508(0Fl)2,  etc.  Therefore,  one  has  to  be  extremely  cau- 
tious in  selecting  the  nutrients.  The  experiments  were  taken  in  a teflon 
liner,  which  was  placed  inside  the  autoclave.  The  capacity  of  the  autoclave 
was  30  to  50ml.  These  autoclaves  are  normally  provided  with  a safety 
blow-out  disc.  The  percent  filling  of  the  liners  and  the  experimental 
temperatures  were  used  in  calculating  the  pressure.  The  experiments  were 
earned  out  by  spontaneous  crystallization.  The  starting  materials  such  as 
lithium  carbonate  and  boric  acid  were  taken  in  the  following  molar  ratio: 


Eq.  (30) 


Li20:B203  = (0.4- 0.7):(2.5-4.3) 


Table.7.29.  Experimental  Conditions  For  The  Growth  of  Li3B5Os(OH)2  Crystals1’71 1 


No. 

Nutrient 

Composition 

Temp. 

(°C) 

Pressure 

(bars) 

% fill 

Duration 

(days) 

Size 

(mm) 

Remarks 

1. 

LiOH- 0.800 
H, BO, -3.200 
HCOOH(  1.5M)  - 8 ml 

250 

120 

70 

7 

3-4 

well  developed 

tetragonal 

crystals 

2. 

LiOH -0.800 
H, BO, -3.200 
HCOOH(  1.8M)  - 8 ml 

250 

120 

70 

10 

8.0-10 

wedge 

shaped  crystals 

3. 

LiOH -0.800 
H, BO, -3.200 
HCOOH(  1.5M)  - 7 ml 

250 

100 

60 

15 

8.0-10 

wedge  shaped 

polycrystalline 

crystals 

4. 

LiOH -0.800 
H, BO,  -3.200 
HCOOH(  1.5M)  - 8 ml 

250 

120 

70 

8 

8.0-10 

wedge  shaped 
crystals 

5. 

LiOH -0.800 
H, BO,  -3.200 
HCOOH(2M)  - 7 ml 

250 

100 

60 

8 

8.0-10 

well  developed 

tetragonal 

crystals 

6. 

LiOH -0.800 
H,BO,- 3.200 
HCOOH(  1.5M)  - 7 ml 

250 

100 

60 

7 

8.0-10 

well  developed 

tetragonal 

crystals 
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Figure  7.90.  Photograph  of  Li3B508  (OH)2  crystal.13711 


The  mineralizer  solution  HC1  was  taken  with  a definite  molarity 
(1.5  to  2).  Since  the  crystallization  took  place  through  spontaneous  nucle- 
ation,  the  temperature  of  the  furnace  was  slowly  increased  to  control  the 
rate  of  nucleation.  In  the  majority  of  the  experiments,  the  percent  filling 
varied  from  50-65%.  The  experimental  conditions  under  which  Li4B7OpCl 
crystals  obtained  are  given  in  Table  7.30.[376] 

These  experiments  yielded  crystals  up  to  2 mm  in  size.  In  the 
majority  of  the  experiments  Li4B7OpCl  crystals  obtained  were  twinned 
and  the  size  varied  up  to  3 mm.  The  twinning  was  also  controlled  and  the 
transparency  of  the  crystals  was  also  enhanced  by  means  of  increasing  the 
growth  temperature,  quenching  of  the  autoclaves  and  accurate  monitoring 
of  the  experimental  conditions.  The  rate  of  heating  and  the  rate  of  cooling 
of  the  autoclaves  and  the  establishment  of  equilibrium  conditions  in  the 
system  control  the  defect  formation  in  these  crystals. 

LiH2B509.  The  synthesis  of  LiH7B509  crystals  has  been  carried 
out  for  the  first  time  by  Byrappa  et  al.  (1993).  LiH2B509  crystallizes 
within  a narrow  region  in  the  Li20-B203-H,0  system.[377] 


Table.7.30.  Experimental  Conditions  For  The  Growth  of  Li4B7012Cl  Crystals13761 


No. 

Nutrient 

Composition 

Temp. 

(°C) 

Pressure 

(bars) 

% fill 

Duration 

(days) 

Size 

(mm) 

Remarks 

1. 

Li2C03  - 1.000 
B203  - 3. .000 
HCK5M)  - 8 ml 

250 

90 

60 

8 

1-4 

transparent 
cunic  crystals 

2. 

Li2C03  - 0.9 
B2Oj  - 3. .000 
HCK5M)  - 8 ml 

250 

90 

60 

7 

1-2 

transparent 
cunic  crystals 

3. 

Li2C03  - 0.8 
B203  - 3. .000 
HCK5M)  - 8 ml 

250 

90 

58 

7 

1-2 

transparent 
cunic  crystals 

4. 

Li2C03  - 1.000 
B203  - 3. .000 
HCK5M)  - 8 ml 

250 

90 

60 

8 

0.5-1 

small  transparent 
cunic  crystals 

5. 

Li2C03  -1.2 
B203  - 3. .000 
HCK5M)  - 8 ml 

250 

90 

60 

8 

0.5-1 

small  transparent 
cunic  crystals 

6. 

Li2C03  - 1.000 
B203  - 3.. 000 

250 

90 

60 

8 

0.1 

very  small  crystals 
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This  new  compound  belonging  to  the  monoclinic  system  space 
group  (P21/a)  has  been  obtained  under  hydrothermal  conditions  at  250°C 
and  100  bar  pressure.  The  starting  materials  such  as  LiBO0,  B003  and 
solvent  1.5  M HCOOH  were  taken  in  teflon  liners.  The  Li20:B203:H00 
molar  ratio  was  1—1 .5 : .5 .5— 6:3— 3.5.  The  experiments  were  carried  out 
using  Morey  type  of  autoclaves.  The  percent  fill  was  varied  from  50-60%. 
Several  mineralizers  were  tried  and  the  HCOOH  was  found  to  be  a better 
mineralizer  with  its  molarity  varying  from  1.5-2  M. 

The  formation  of  LiH,B509  must  have  taken  place  according  to 
the  following  reaction: 

Eq.  (31)  2LiB02  + 2HCOOH > 2HCOOLi  + B203  + H20 

Eq.  (32)  HCOOLi  + 5H3B03 > LiH2B509  + CO  + 7H20 

The  reaction  of  LiBO0  and  HCOOH  resulted  in  the  formation  of 
HCOOLi.  When  HCOOLi  reacts  with  H3B03  with  1:3  ratio  Li0B4O7  was 
formed  but  with  an  increase  in  the  amount  of  H3B03  (HCOOLi : H3B03  = 
1:5)  the  new  compound  LiH0B5O9  has  resulted. 

The  experimental  conditions  for  the  growth  of  LiH0B509  are 
given  in  Table.  7.31.  During  the  crystallization  process  hydrogen  from 
HCOOH  has  entered  the  structure  indicating  hydrolysis  process.  The 
crystals  are  colorless  with  vitreous  luster  and  pseudo  orthorhombic 
symmetry. f3621f3721 

It  is  interesting  to  note  that  the  growth  of  borates  by  hydrothermal 
method  is  not  yet  popular,  and  even  today  the  flux  method  followed  by 
meet  method,  are  the  most  popular  ones.  A large  group  of  compounds  with 
general  formula  RM3(B03)4  (where  R = Y,  La-Lu,  Bi,  In,  but  M = Al,  Sc, 
Le,  Ga,  Cr)  have  been  obtained  mainly  by  flux  method.  However,  the 
hydrothermal  technique  is  slowly  catching  up  because  of  the  advantages 
as  listed  earlier  in  the  growth  of  Li2B407. 

Applications  of  Borates.  Borates  exhibit  very  interesting  proper- 
ties like  piezoelectric,  pyroelectric  and  ferroelectrics,  acousto-electric, 
luminescent,  superionic  and  so  on.  Also,  they  possess  good  thermal  and 
chemical  stability.  Owing  to  the  possibility  of  wide  isomoiphous  substitu- 
tions, one  can  consider  these  borates  as  polyfunctional  materials  with 
device  potential.  However,  borates  of  hydrothermal  origin  arc  being  used 
essentially  as  piezoelectric,  ferroelectric  and  superionic  borates. 


Table.7.31.  Experimental  Conditions  For  The  Growth  of  LiH2B509  Crystals1362' 


No. 

Nutrient 

Composition 

Temp. 

(°C) 

Pressure 

(bars) 

% fill 

Duration 

(days) 

Size 

(mm) 

Remarks 

1. 

LiB02  - 2.0 
B2O3-4.0 

HCOOH(1.5M)  - 6ml 

250 

100 

60 

7 

1-4 

transparent 

crystals 

2. 

LiB02  - 2.0 
B2O3-4.0 

HCOOH(1.5M)  - 5ml 

250 

90 

55 

7 

1-3 

transparent 

crystals 

3. 

LiB02  - 2.0 
B203  - 4.0 

HCOOH(1.5M)  - 7ml 

250 

110 

65 

7 

5 

massive 

crystals 

4. 

LiB02  - 2.0 
B203  - 4.0 
HC  OOH  (2M)-6ml 

250 

100 

60 

7 

0.5-1 

small  transparent 
crystals 

5. 

LiB02  - 2.0 
B203  - 4.0 
HCOOH(3M)  - 6 ml 

250 

100 

60 

8 

0.5 

small  transparent 
crystals 

6. 

LiB02  - 2.2 
B203  - 4.0 

HCOOH(1.5M)  - 6ml 

250 

100 

65 

7 

1-3 

transparent 

crystals 
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Li2B407  is  known  as  a Li  superionic  conductor  with  its  ionic 
conductivity  of  the  order  of  1CH  W_1  cm1  at  about  500  K,  and  has  a large 
piezoelectric  constant.  A combination  of  piezoelectric  and  superionic 
properties  should  give  rise  to  electro-acoustic  anomalies  in  LLB407  crys- 
tals. Figure  7.91  shows  the  complex  impedance  plots  of  Li1B407  at 
different  temperatures:  a)  299  K,  b)  323  K,  c)  348  K,  d)  373  K,  e)  398  K, 
f)  423  K,g)  448  K ,h)  473  K,  i)  498  K ,j)  523  K ,k)  548  K,  and l)  573  K.  The 
CIS  studies  reveal  that  the  study  of  anomalies  should  give  important 
information.  On  the  physical  nature  of  the  acousto-ionic  interaction  and 
also  on  the  characteristics  of  ion  transport  in  solid  electrolytes  on  the 
whole.  LLB407  may  be  used  as  a dielectric  resonator  at  about  10  MFIz. 
The  noise  observed  in  the  CIS  data  is  not  a thermal  noise,  but  it  appears  to 
be  1/f  quantum  noised3785 

Li3B508(0FI)4  shows  poor  ionic  conductivity  and  behaves  as  a 
dielectric  material  below  498  K,  with  the  electronic  equivalent  circuit 
representation  indicating  a pure  capacitor  type  behavior.  Between  299  and 
523  K,  the  material  exhibits  piezoelectric  behavior  and  at  about  523  K,  it 
shows  superionic  conducting  behavior.  The  complex  impedance  becomes 
almost  zero  at  10  MFIzd3795 

The  ionic  conductivity  has  been  studied  by  several  workers.  The 
ionic  conductivity  generally  varies  from  10-2  to  1 0 3 (ohm,  cm)1  at  about 
300°C.  The  activation  energy  value  is  around  0.4  eV  (380). 

Alkali  borates,  a -LiB02  crystals  are  doped  with  Mn2+  ions,  and 
they  show  weak  yellow  luminescence  (UV  excitation).  New  alkali-free 
borates  of  divalent  metals  doped  with  Mn2+  ions  show  interesting  lumi- 
nescence properties.  For  example,  Mn-activated  cadmium  borates  show 
yellow-green  luminescence  and  Zn4B6012  borate  yields  green  lumines- 
cence J38°N38|1  Similarly,  Mn2+  doped  LiZnB03,  and  2Li0OZnO-2B20, 
and  Na2Zn,MnB4  67On  show  crimson  luminescence,  and  4Li-,0- 
4Zn0-3B203  shows  yellow  luminescenceJ3815 

The  complex  coordinated  complexes  are  best  obtained  under 
hydrothermal  conditions.  Such  complex  structures  have  not  been  able  to 
be  obtained  by  other  crystal  growth  methods.  Especially  with  the  reduc- 
tion in  the  PT  conditions  of  synthesis,  the  method  is  becoming  more 
attractive  for  these  complexes.  New  structures  being  obtained  arc  throw- 
ing light  upon  new  and  interesting  physico-chemical  properties  of  these 
compounds. 


irufei*  ***  ^Jug 


fa) 


(e) 


/rtJ,  * Ul-  (£11 

ft?) 


C-(»  ? -fiC-  4 .r.o  c, . f»-ri  a.&D  in.n 

Zr«l  r i"*  tn> 

w 


Figure  7.91.  Complex  impedance  plots  of  Li2B407  at  different  temperatures. [379] 
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Hydrothermal  Synthesis 
and  Crystal  Growth  of 
Fluorides,  Sulfides, 
Tungstates,  Molybdates, 
and  Related  Compounds 


(Coordinated  Complex  Crystals,  Part  II) 


8.1  INTRODUCTION 

The  hydrothermal  synthesis  of  complex  coordinated  compounds 
covers  a vast  group  of  compounds.  In  Ch.  7,  which  is  Part  I of  these 
complexes,  we  cover  silicates,  germanates,  phosphates,  vanadates,  and 
borates.  Here  we  deal  with  fluorides,  sulphides,  tungstates,  titanates, 
molybdates,  tantalates,  neobates,  selenides,  and  related  compounds. 

The  synthesis  of  these  compounds  did  not  carry  much  geological 
significance  in  the  past,  hence,  their  synthesis  began  in  the  middle  of  the 
20th  century.  However,  the  interest  was  purely  academic.  Today,  these 
compounds  have  a great  technological  significance. 


8.2  FLUORIDES 

Fluorides  form  a large  group  of  inorganic  compounds  from  the 
simplest  to  the  most  complicated  types.  In  addition,  we  have 
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fluorophosphates,  fluorocarbonates,  fluoroarsenates,  oxyfluorides,  etc.  These 
compounds  contain  a great  variety  of  cations  of  the  elements  from  groups 
1, 2,  3,  and  4,  of  the  Periodic  Table.  For  simple  fluorides  like  the  AF  type, 
the  optimum  growth  method  is  from  flux,  or  melt,  or  gas  transport,  whereas 
for  more  complicated  fluorine-bearing  compounds,  hydrothermal  synthesis 
is  the  most  convenient  method.  The  hydrothermal  method  helps  in  develop- 
ing new  crystal  structures  which  are  difficult  to  obtain  by  other  conven- 
tional methods.  Among  fluorides,  those  containing  rare  earth  elements, 
particularly  the  active  elements  like  Nd3+,  and  Eu3+  are  the  most  popular 
because  of  their  excellent  luminescent  properties.  The  fluorides  bearing 
Fe,  Mn,  and  other  transitional  metals  show  good  magnetic  properties, 
however,  it  is  the  rare  earth  elements  heal  ing  fluorides  that  cany  greater 
importance  as  laser  host  materials.  Kaminskii  et  al.  (1993)  have  reviewed  in 
detail  new  CW-laser  crystals  with  semiconductor  laser  pumping  on  the 
anisotropic  fluorides  with  Nd3+  ions  obtained  by  the  hydrothermal  method.1 1 ! 
Similarly,  Deaminates  (1990)  reviewed  the  hydrothermal  growth  of  alkali 
rare  earth  fluorides  and  alkali  zirconium  fluorides  and  discussed  their 
luminescent  and  ionic  conductivity  properties. PI  Bridenbangh  et  al.  (1994) 
discussed  the  hydrothermal  growth  of  alkali  fluoride  crystals  and  studied 
the  phase  equilibria  of  the  KL-GdLi-H00  system  in  detail  under  hydro- 
thermal  conditions.  FI 

8.2.1  Hydrothermal  Synthesis  of  Rare  Earth  Fluorides 

Rare  earth  fluorides  have  attracted  materials  scientists  for  more 
than  30  years,  owing  to  their  unusual  crystal  structures  and  physical 
properties,  but  even  today  the  problem  concerning  the  polymorphism  of 
double  fluorides  and  the  nature  of  morphotropic  transitions  in  these  com- 
pounds has  not  yet  been  understood.  The  physical  properties  of  compounds 
formed  in  the  AF-LnF3  systems  (A  is  the  single-charged  cation)  have  not 
been  studied,  which  may  be  explained  by  the  absence  of  sufficiently  simple 
methods  of  synthesis  of  double  fluorides  of  alkali  and  rare  earth  elements 
single  crystals.  The  use  of  hydrothermal  solutions  provides  the  study  of  the 
behavior  of  the  whole  series  of  rare  earth  elements  in  the  presence  of  F- 
ions  under  the  same  conditions.  Under  hydrothermal  conditions,  it  is  easy  to 
synthesize  fluorides  of  compositions  ALnF4,  A3LnF6,  A2LnF5  (A  = Li,  Na, 
K,  Rb,  Cs),  etc.  These  compounds  form  morphotropic  series  (K,LnF5) 
embracing  most  of  the  rare  earth  elements  except  La,  Ce,  Pr,  and  Sc. 
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The  hydrothermal  phase  equilibria  of  the  Ln203-KF-FF0  system 
has  been  studied  in  detail,  The  stability  fields  of  several  compounds 
such  as  KLnF4,  K3LnF5,  K3LnF6,  K2LnF5,  and  KLn2F7,  have  been  fixed. 
Figure  8.1  shows  the  composition  diagram  of  the  system  KF-GdF3-FFO  at 
450°C  and  10  kpsi.  The  region  near  A in  Fig.  8.1  is  close  to  the  limit  of 
KGdF4  solubility,  relative  to  KF  concentration,  as  estimated  from  the 
solubility  measurements.  The  single -phase  field  for  KGd2F7  should  not  be 
considered  to  extend  to  the  H0O-GdF,  join.  The  only  information  on  the 
right  side  of  this  field  was  obtained  at  very  high  F120  contents  (98  mol%); 
this  was  deemed  insufficient  to  allow  projection  of  a phase  boundary, 
however,  the  single -phase  stability  of  KGd2F7  likely  does  not  persist  much 
farther  to  the  right  than  the  individual  single -phase  results  shown.  An 
additional  two-phase  field  is  shown  along  the  left  side  of  the  diagram.  A 
general  point  of  particular  interest  from  Fig.  8. 1 is  that  in  this  hydrothermal 
system,  the  phases  K3GdF5,  KGdF4,  and  KGd2F7,  are  formed  and  are 
stable  only  where  KF  is  in  excess  in  the  stoichiometric  solid,  thus,  they  are 
incongruently  saturating.  KF  must  be  between  17.5  and  27  total  mol%  for 
KGdF4  stability  where  water  is  at  65  total  mol%.  A 17.5  total  mol% 
corresponds  to  the  stoichiometry  of  KGdF4,  indicating  that  the  phase  is 
probably  marginally  congruently  soluble.  Flowever,  the  other  boundary  of 
the  KGdF4  phase  field  positioned  at  27  mol%  total  KF  indicates  that  17 
mol%  KF  is  required  to  stabilize  8 mol%  KGdF4.  Thus,  it  can  be  concluded 
that  a large  excess  of  KF  is  required  to  stabilize  the  KGdF4  phase. 
Analogous  reasoning  can  be  applied  to  choose  conditions  for  the  growth  of 
other  phases  in  Fig.  8.1.  H 0 
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By  considering  the  nature  of  the  rare  earth  oxides’  interaction  with 
KF  solutions,  one  can  single  out  four  rare  earth  subgroups.  The  first  one 
(La-Pr),  which  showed  no  formation  of  K9LnF5,  begins  at  q = Mkf/MFFO 
= 0.56.  In  the  third  subgroup  (Sm,  Gd),  the  values  of  the  g-ratio  necessary 
for  the  formation  of  such  compounds  were  0.36  and  0.26,  respectively;  and 
in  the  fourth  subgroup  (Tb-Lu),  the  crystallization  of  the  K9LnF5  phases 
begins  foxq  values  smoothly  varying  from  0. 16  to  0.10.  Pentafluorides  are 
crystallized  as  transparent,  faceted,  prismatic,  crystals  up  to  15  mm  in 
length,  of  colors  typical  for  the  corresponding  rare  earth  elements. 

The  conditions  for  the  investigation  of  the  phase  relations  in  the 
fluoride  systems  are  KF/Ln903  (molar-)  ratio  up  to  100,  the  M(FFO)/  M(Ln903) 
ratio  200,  temperature  = 450-500°C,  and  pressure  100-150  MPa.  Under 
these  conditions,  fluoride  crystals  were  grown  for  spectroscopic  studies.  It 
has  been  shown  that  the  K2GdF5:Nd3+  compounds  may  be  considered  as 
potential  media  for  the  excitation  of  a stimulated  emission  in  the  range 
1.06-1.35  pm,  whereas  the  terbium-activated  yttrium  and  gadolinium  com- 
pounds may  serve  as  luminophores  with  saturated  green  luminescence. 

The  solubility  of  KGdF4  is  a function  of  Tin  12  mol%  KF  [defined 
as  moles  KF/(moles  of  KF  + F190)]  at  a pressure  of  10  kpsi.  Figure  8.2 
shows  the  solubility  of  KGdF4  as  a function  of  temperature  and  concentra- 
tion of  KF.  Assuming  a linear-  relationship  between  solubility  and  mol%  KF, 
a slope  of  0.02  moles  solute  dissolved/moles  KF  suggests  the  following 
generalized  nrulti-staged  reaction: 

Eq.  ( 1 ) KGdF4  + n F-  — KGdF4  + n-n 


Mole  % KF 


10  14  18  22 


Figure  8.2.  Solubility  of  KGdF4  as  a function  of  temperature  and  concentration  of 
KF.ra 
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Since  reaction  does  not  proceed  easily  to  the  right,  50  moles  of  KF 
are  required  to  dissolve  1 mole  of  KGdF4.01  Past  experience  in  growing 
crystals  hydrothermally  indicates  that  the  magnitudes  of  solubility  and 
temperature  coefficients  of  solubility  are  appropriate  for  growth  with  KF 
mineralizer.  The  log  of  solubility  versus  the  reciprocal  of  absolute  tempera- 
ture is  approximately  linear.  From  the  slope  of  a log  (s)  versus  1 IT  plot,  the 
heat  of  solution  (or  the  heat  of  reaction  of  Eq.  1)  is  ~12  kcal/mol.131  In  order 
to  obtain  reasonably  sized  crystals,  controlled  transport  in  a temperature 
gradient  of  nutrient  that  is  thermodynamically  stable  is  essential.  Mineral- 
izer concentration  is  chosen  to  be  within  the  KGdF4  phase  field,  high 
enough  to  provide  reasonable  solubility.  The  optimum  conditions  are  as 
follows:  KF  solvent:  16  mol%,  80%  initial  fill,  dissolution  temperature: 
450°C,  growth  temperature:  425°C.  The  previously  synthesized  seeds  of 
size  4 x 0.5  x 0.5  mm  were  placed  on  a point  gauze  basket  mounted  at  the 
top  of  the  growth  zone. 

The  other  alkali  rare  earth  fluorides  of  interest  are  LiKYF5, 
CsY2F7,  KYF4,  and  K2YF5  doped  with  Nd3+  ions  up  to  10  at  %.  These 
crystals  were  obtained  at  T = 450-700°C  and  P = 100-150  MPa,  over  a 
period  of  15-20  days,  and  the  crystal  size  was  5 mm  JO  Some  of  these 
single-centered  laser  fluorides  such  as  LiKYF5:Nd3+have  better  physical 
characteristics  in  comparison  with  oxygen-containing  substances.  Most  of 
these  compounds  crystallize  in  the  lower  symmetry.  Figure  8.3  shows  the 
fragments  of  the  LiKYF5  crystal  structured4! 
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Figure  8.3.  Fragments  of  the  LiKYF5  crystal  structured4! 
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8.2.2  Spectroscopic  Properties  of  Rare  Earth  Fluorides 

There  are  over  250  Nd3+  doped  insulating  laser  crystals  and 
anisotropic  single-centered  fluorides  with  ordered  structures  which  are 
unique  owing  to  their  excellent  spectroscopic  properties. The  most 
important  ones  are  tetragonal  LiLnF4  crystals  with  a space  group  I41/a,  as 
well  as  monoclinic  BaY2F8  (space  group  C2/m)  crystals.  Similarly  multi- 
centered  disordered  cubic  5NaF-9LnF3:Nd3+  crystals  with  space  group 
Fm3m,  may  be  considered  as  potential  media  for  the  excitation  of  a 
stimulated  emission  in  the  range  1.06-1.35  pm. FI  Being  transparent  in  a 
wide  spectral  region,  these  fluorides  reveal  a negative  dn/dT  coefficient, 
possess  a high  stability  with  reference  to  short  wavelength  radiation  of 
pumping  Xe-flashlamps,  and  have  satisfactory  thermo-physical  character- 
istics. This  has  led  to  the  fact  that  these  materials  are  rather  widely  used  in 
quantum  electronics.  Flowever,  low  distribution  coefficients  of  Nd3+  ions 
prevent  obtaining  single  crystals  of  a majority  of  these  compounds  with 
characteristics  that  are  optimal  for  solid  state  lasers  of  the  new  generation, 
i.e.,  lasers  using  semiconductor  laser-diode  excitation.  That  is  why  the 
search  for  new  anisotropic  single-centered  generating  fluorides  is  an 
extremely  urgent  problem.  These  new  crystals  are  able  to  generate 
stimulated  emission  at  300  K in  free-running  pulse  operating  mode  on  inter- 
stark  transitions  of  two  4F3/9  — > 4I11/2  and  4F3/2  — >4I13/2  laser  channels  of 
Nd3+  ions  with  Xe-flashlamp  excitation  as  well  as  in  CW  mode  (4F3/9  — > 
4Ij  1/2)  under  laser-diode  pumping.  Oira-UO]  The  radiation  from  these  transi- 
tions promotes  the  formation  of  mainly  one  line,  which  in  turn,  provides  the 
conditions  favorable  for  the  excitation  of  the  stimulated  emission  at  fre- 
quencies of  the  main  intense  lines.  The  spectroscopic  data  obtained  have 
been  used  in  the  synthesis  of  these  rare  earth  fluorides  by  the  hydrothermal 
technique.!4]  Figure  8.4  shows  the  luminescence  spectra  (4F3/2— > 4I13/2)  at 
77  K (a)  and  300  K (b)  and  the  scheme  of  crystal  field  splitting  of4F3/2  and 
4I13/2  transitions  (c)  of  Nd3+  ions  in  K2GdF5.  These  crystals  may  be  a 
prospective  material  for  solid  state  lasers  in  the  range  of  3-4  pm.  FI  Figure 
8.5  shows  the  fluorescent  emission  spectrum  and  fluorescent  lifetime  for 
the  Pr(1G4— > 3H5)  transition  in  KGd09gYb001Pr001F4  when  the  *G4  level  is 
pumped  directly  at  1.02  pm.  In  KGdF4  this  transition  is  centered  near  1.3 
pm  and  is  broad  enough  for  wavelength  multiplexing,  the  lifetime  is  150  ps. 
Similar  measurements  have  been  made  on  KGd  98Yb  01Pr  01F4  and 
KGd  94Yb  05Pr  01F4  using  three  different  pumping  schemes;  (i)  pump 
Yb(2F7/2  — ■>  2F5/2)  at  0.94  pm  and  observed  fluorescent  emission  at 
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0.97  pm  from  Yb(2F5/2  — > 2F7/2);  (ii)  pump  Yb(2F7/2  — > 2F5/2)  at 
0.970  pm  and  observe  emission  from  Pr(1G4  — > 3H5)  at  1.3  pm;  and  (in) 
pump  Pr(3H4  — > ^4)  at  1.02  pm  and  observed  emission  from  Pr(1G4  — > 
3H5)  at  1.3  pm.  The  results  are  given  in  Table  8.1 


300  K 


11 5BO 
11470 


4280 

4280 

4152 

4060 

4015 

398? 

3860 


Figure  8.4.  Luminescence  spectra  (4F3/2  — » 4I13/2)  at  (a)  77  K and  (b)  300  K and 
(c)  the  scheme  of  crystal  field  splitting  of  4F3/2  and  4I13/2  transitions  of  Nd3+  ions 
inK2GdF5.[4] 


Figure  8.5.  Fluorescent  emission  spectrum  and  fluorescent  lifetime  for  the 
Pr(!G4  — » 3H5)  transition  in  KGd0  98Yb0.oiPro.oip4-[5J 


Table.  8.1.  Fluorescent  Intensity  and  Lifetime  of  KGdF4  Samples^ 


Sample  fluorescent  rare  earth 

Yba 

Prb 

Prc 

Intensity  (a.u.)  Lifetime  (jas) 

Intensity  (a.u.)  Lifetime  (fas) 

Intensity  (a.u.)  Lifetime  ((is) 

KGd098Yb001Pr001  F4 

240 

1120 

40 

150 

90 

600 

KGd0  94Yb0  05  Pro.oiP  4 

250 

400 

90 

115 

280 

500 

“Test  conditions:  pump  Yb  (2F5/2)  at  0.94  pm;  emission  from  (2F5/2  — > 2F7/2)  Yb  at  0.97  pm. 
bTest  conditions:  pump  Pr  (*G4)  at  1.02  pm;  emission  from  ('G4 — >2H5)  Pr  at  1.3  pm. 

“Test  conditions:  pump  Yb  (2F5/2)  at  0.97  pm;  emission  from  ('G4 — > 3H5)  Pr  at  1.3  pm. 
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From  the  data  in  Table  8.1,  the  following  observations  can  be  made. 
First,  the  lifetime  of  the  Yb  fluorescence  is  sufficiently  long  to  permit  energy 
transfer  from  the  Yb  2F5/2  to  the  Pr  'G4  levels.  At  both  doping  levels,  the 
lifetime  of  the  Yb2F5/2  state  is  longer  than  the  lifetime  of  the  Pr  *G4  level. 
Second,  both  the  intensity  and  the  lifetime  of  thePr(1G4  — > 3H5)  transition 
increase  when  Yb  is  pumped  and  compared  to  the  Pr  pumped. 

Thus,  the  rare  earth  fluorides  have  found  unique  technological 
applications.  Their  synthesis  is  highly  challenging. 


8.3  HYDROTHERMAL  SYNTHESIS  OF  TRANSITION 

METAL  FLUORIDES 

The  hydrothermal  method  permits  us  to  synthesize  single  crystals 
of  some  transitional  metals  and  other  ternary  fluorides.  The  majority  of 
these  compounds  show  superionic,  magnetic,  and  other  important  physical 
properties. 

Among  alkali-zirconium  fluorides,  compounds  of  special  interest 
are  those  belonging  to  the  A3ZrF7  family  (A  = Na,  R,  Rb,  Cs,  NH+4)  with 
the  characteristic  OD  structures.  Except  for  Na3ZrF7  (its  structure  is  a 
derivative  of  a fluorite-type  structure),  the  above  fluorides  are  related  to 
the  K3UF7  type  (usually  characteristic  of  heavy  metals).  Heptafluorides 
are  usually  obtained  using  the  methods  of  chemical  interaction  at  room 
temperature  by  sintering  in  inert  fluorinating  atmosphere  and  crystallization 
from  KF  flux. 

Iliyushin  et  al.  (1970)  have  obtained  several  millimeters  large 
K3ZrF7  single  crystals  under  hydrothermal  conditions  at  temperatures  of 
450-500°C  and  pressures  of  100-150  MPa.  The  initial  materials  were 
aqueous  zirconium  dioxide  and  potassium  fluoride  solutions  with  the  con- 
centration 10-60  wt%.00  Potassium-zirconium  heptafluoride  is  a stable 
fluorine-containing  crystalline  phase  within  the  range  of  temperatures  and 
pressures  used  in  hydrothermal  experiments. 

Conductivity  (cr)  of  K3ZrF7  single  and  polycrystals  was  measured 
in  the  temperature  range  300-700  K.  The  values  of  a were  calculated 
from  the  impedance  (admittance)  frequency  plots  of  an  electrochemical 
Ag/K3ZrF7/Ag  cell.  The  conductivity  of  single  crystals  is  somewhat  higher 
than  that  of  polycrystals,  yet  no  noticeable  anisotropy  in  conductivity  was 
observed. 11 1 At  300°C,  conductivity  is  3.9  x 10-2  and  1.17  x 1-2  ohnr1  cm1 
for  single  and  polycrystals  respectively  (Fig.  8.6). 
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Figure  8.6.  Conductivity  (cr)  for  single  and  polycrystals.111! 

A synthetic  Fe3+  variety  of  elpasoite,  a rare  natural  mineral 
(K2NaAlF6),  was  synthesized  in  the  course  of  the  investigation  of  the 
phase  formation  in  the  AF-Fe203-(NH4)2  HP04-H20  system  with  A = Na, 
K,  Cs  (T  = 400°C,  fill  = 0.7,  CKF  = 30-50  wt%).[12]  The  structural  analysis 
yielded  the  composition  KiNaHj  5Fe0  6F6  for  the  cubic  crystals  of  this 
system  (space  group  Fm3m).  Under  hydrothermal  conditions,  complex 
fluorides  of  the  system  A 1+F  - A2+F2  - A3+F3  (A1+  = Li,  Na,  K;  A2+  = Ca, 
Sr,  Ba,  Mg,  Zn;  A3+=  B,  Al,  Ga)  were  also  obtained.!13! 

According  to  their  structures,  these  compounds  are  close  to  well- 
known  minerals  elpasoite,  K2NaAlF6,  cryolite,  Na3AlF6,  and  veberite, 
Na0MgAlF7.  In  these  compounds,  A2+  and  A3+  ions  are  displaced  by 
cations  of  iron  and  rare  earth  subgroups,  respectively.  Such  compounds 
were  synthesized  from  aqueous  solutions  with  high  HF-concentration;  the 
stoichiometric  mixtures  of  oxides  and  hydroxides  served  as  starting  materi- 
als. Such  crystalline  products  were  used  as  nutrients  for  single  crystal 
growth  though  the  temperature  gradient  technique  at  T - 120-280°C,  (AT 
= 20-40°C).[13]  Other  fluorides,  like  Cs2FeF5H20,  Na3FeF6,  Ba3Ta202F12, 
were  also  synthesized  under  hydrothermal  conditions. !14H16!  The  hydro- 
thermal  technique  provides  the  possibility  of  growing  hydrous  transition 
metal  fluorides  in  HF  solutions  under  FT  conditons.1 171  This  includes 
several  fluoride  systems  like  AF-A1F3,  AF-FeF3,  AF-M2+F2,  AF2-FeF3 
where  A is  an  alkaline,  ammonium  or  Hg02+  ion,  M2+,  a divalent  transition 
metal,  (Mn,  Fe,  Co,  Zn,  Ni,  Cu).[18H19l  Some  of  the  ternary  and  quaternary 
systems  like  H20-AF-MF0  or  MF3  (A  = Li,  Na,  Cs,  NH4,  M = Mn,  Cu,  V, 
Cr,  Fe),  H20-BaF2  - (ZnF2  or  VF3),  H20  - AF-  MF2  - MF3  (A  = Li,  Na,  K, 
Rb,  Cs,  NH4;  M = Mn,  Fe,  Ni,  Al,  V,  Cr,  Fe),  and  H00-BaF2-(MnFi  or 
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NiF2)  (CrF3  or  FeF3)  have  been  studied.1201  The  major  advantages  of  the 
hydrothermal  technique  for  fluorides  are  the  ability  to  obtain  low  tempera- 
ture varieties,  rhombohedral  a-FeF3,  phases  with  slow  kinetics  of  forma- 
tion, hexagonal  CaAlF4,  and  compounds  with  incongruent  melting,  like 
NH4A1F4. 

The  phases  which  appear  in  the  system  FI20-FeF3  are  classified 
according  to  the  growing  temperature  and  the  hydrothermal  medium,  hFO 
or  49%  HF.  The  iron  coordination  polyhedra  are  indicated.  It  is  clear  that 
high  temperature  and  higher  concentration  of  hydrofluoric  acid  favor  the 
dehydration  of  the  fluorides  in  the  order  Fem,  Fe11.  The  FeF2  is  grown  only 
at  extreme  conditions  (450°C,  49%  FIF). 

The  Mn11  compounds,  MnFeF5(tF>0)2  and  MnFe2F8(FI20)2,  analo- 
gous to  FenFemF5(Fl20)4  and  FenFe2mF8(FI20)2,  are  synthesized  as  by- 
products in  the  presence  of  sodium  fluoride. (2|1 

NaMnFeF6,  synthesized  under  hydrothermal  conditions,  cannot  be 
obtained  by  solid  state  reaction  at  any  temperature:  Weberite,  Na2MnFeF7, 
always  forms. 1221  NaMnFeF6,  trigonal  (a  = 9.042  A,  c = 4.995[5]  A)  is 
isotopic  of  NaMnCrFgHk23!  and  undergoes  endothermic  decomposition  at  T 
= 546°C:[5] 


Eq.  (2)  2 NaMnFeF6  — > Na0MnFeF7  + MnF,  + FeF3 

N-RbMnFeF6  crystallizes  with  the  new  structural  form  of 
NFI4MnFeF6  described  below.  Above  608°C,  N-RbMnFeF6  adopts 
the  modified  pyrochlore  structure;  the  irreversible  phase  transition 
N-RbMnFeF6  — » P-RbMnFeF6  is  endothermic  (N  and  P are  the  two 
structure  forms  in  RbMnFcF6). 1511241 

The  growth  of  ammonium  phases  becomes  particularly  accessible 
by  the  hydrothermal  method.  Crystals  of  NH4MinF4  (M  = Fe,  V,  Cr) 
compounds  easily  grow.  In  spite  of  frequent  twinning,  their  parameters  and 
space  groups  are  derived.  For  NFI4FeF4  (a  = 7.559  A,  C = 12,754  A),  the 
space  group  is  Pnina.|4l[°ll24l 

Single  crystals  of  NH4FenFemF6  are  produced  when  the  reduction 
of  Fe3+  to  Fe2+  occurs.  Thus,  the  hydrothermal  synthesis  helps  in  a large 
variety  of  growth  solutions,  and  the  variation  of  the  temperature  leads  to 
numerous  new  fluorinated  phases  of  structural  and  magnetic  interest.  For 
stable  compounds,  the  hydrothermal  method  represents  an  alternative  way 
of  crystal  growth;  its  specificity  is  enhanced  when  low  temperature  (F1TB- 
FeF3,  N-RbMnFeF6)  or  thermally  unstable  phases  (hydrates,  ammonium 
compounds)  are  desired  as  single  crystals. 
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8.4  HYDROTHERMAL  SYNTHESIS  OF 

FLUOROCARBONATES  AND  FLUOROPHOSPHATES 

A new  class  of  fluorides  is  being  studied  extensively  in  recent 
years,  owing  to  their  potential  physical  properties  like  nonlinear,  magnetic, 
and  electrical  conductivity. I25H27I  These  materials  have  a high  thermal  and 
chemical  stability.  The  hydrothermal  synthesis  at  high  temperature  and 


pressure  conditions  yields  these  compounds.  Among  these,  fluorides  and 
fluorocarbonates  are  the  most  popular.  These  compounds  contain  rare 
earth  3d  transition  and  alkaline-earth  metals  in  their  composition.  The 
following  are  the  most  popular  compounds: 

Eq.  (3)  M3Ln1(C03)4F  (M  = Na,  K;  Ln  = rare  earth  elements) 

Eq.  (4) 

M1  + M2  + (C03)4F 

(M  = Na,K;  M2+  = Cu,  Fe,  Zn) 

Eq.  (5) 

M2+Ln(C03)2F 

(M2+=  Ba,  Mg;  Ln  = rare  earth) 

Eq.  (6) 

M2+3Ln2(C03)5F5 

(M  = Ba,  Mg;  Ln  = rare  earth) 

Eq.  (7) 

M2+M2+(C03)F2 

(M2+  = Ba,  Mg;  M3+  = Mn,  Cu) 

Eq.  (8) 

m2+2po4f 

(M2+  = Mn,  Co) 

Eq.  (9) 

M+  MP04F 

(M+  = Na,  K,  Cs,  NH4,  M = Fe) 

The  crystal  growth  of  rare  earth,  alkaline  earth,  and  3d  transition 
metal  fluorocarbonates  is  difficult,  and  numerous  earlier  attempts  in- 
volving alkaline  fluorides  or  carbonates  with  cobalt,  iron  or  zinc,  rare  earth 
carbonates  or  fluorides  failed.  However,  the  association  of  alkali/alkaline 
earth  carbonate  with  rare  earth  or  3d  transition  metal  fluoride  was  suc- 
cessful  J281-131 1 Hydrothermal  synthesis  at  high  temperature  and  high  pres- 
sure is  well  suited  for  the  crystal  growth  of  rare  earth  or  yttrium 
fluorocarbonates.  Several  interesting  compounds  with  unique  structures 
have  been  obtained  by  the  hydrothermal  method.1301131  ,|34l  These  com- 
pounds have  been  synthesized  by  hydrothermal  growth  at  T=  740°C  andP 
= 200  MPa  in  20  hours. 

The  stalling  materials  are  usually  the  carbonates  of  alkali  or  alkaline 
earth,  rare  earth,  or  3d  transition  metal  fluorides,  and  alkali-fluoride.  Figure  8.7 
shows  the  structural  projection  of  Na3La1(C03)4F,  along  Ref.  21.  The 
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structure  shows  double  layers  along  “c”  of  the  lanthanum  coordination 
polyhedra,  which  adopts  the  ten-fold  (30  + 60  + IF)  coordination,  similar  to 
that  of  Ba3La2(C03)5F2,  BaSm(C03)2F,  and  Ba2Ce(C03)2F,  for  La  or  rare 
earth  ions.  The  structure  exhibits  a 2d  character  with  infinite  (La06)2F; 
double  layers  parallel  to  the  (a,  b)  plane  are  separated  by  Na+  ions. 


B 

A 

A 

B 

A 

B 

B 

A 


Figure  8.7.  Structural  projection  of  Na3La2(C03)4F.[21)  ( Courtesy  of  the  Academic 
Press,  Orlando,  Florida.) 


The  mineral  type  structures  obtained  are  PrC03F  (bastnaesite  type), 
Ba2Ce(C03)3F  (zhonghuacerite),  BaSm(C03)2F  (huanghoite  type),  Ba2La0 
(C03)5F2  (cebaite  type),  and  several  new  structures  like  Na3La2(C03)4F, 
exhibiting  interesting  physical  properties. 

The  3 d transitional  metal  fluorocarbonates  could  be  synthesized  at 
slightly  lower  temperature  than  the  rare  earth  fluorocarbonates.  The 
typical  experimental  conditions  are  T = 700°C  and  P = 200  MPa.  Several 
new  compounds  like  BaMn(C03)F2,  BaCu(C03)F9,  and  KCu(C03)F,  have 
been  obtained.  Under  hydrothermal  conditions,  the  association  of  alkaline 
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carbonates  with  3 d transition  metal  fluorides  leads,  in  most  cases,  to  anionic 
exchange  and  to  the  formation  of  3 d transition  metal  carbonates  and  alkaline 
fluorides.  However,  when  the  starting  materials  are  K2C03  and  CuF2  in  1 : 1 
ratio,  green  crystals  of  KCu(C03)F  which  can  reach  4 mm3  are  obtained. 
Thus,  the  fluorocarbonates  are  being  studied  extensively,  especially  by  the 
French  group  (Leblanc  and  coworkers). 

The  hydrothermal  synthesis  of  fluorophosphates  is  slowly  attract- 
ing the  attention  of  materials  scientists  because  the  magnetic  effects  have 
been  investigated  in  fluorides  which  present  triangular  cationic  planes  or  K 
atom,  lattices  and  where  the  coordination  MF6  polyhedra  are  mainly 
connected  by  vertices,  and  super  exchange  interactions  occur  through 
1 80°  type  M-F-M  bridges,  which  frequently  lead  to  antiferromagnetism. 
Several  phosphate  minerals  adopt  the  general  formula  M9P04X,  where 
M2+  = 3d  cation,  Mg2+,  Ca2+  and  X-  = F_,  OH-;  arsenate  or  vanadate  series 
also  exist.  The  occurrence  of  the  triploidite  substructure  is  said  to  be 
related  to  the  ordered  F-OH  substitution  on  the  anionic  sublattice.  The 
coordination  of  the  M2+  cations  is  octahedral;  in  triploidite,  the  evolution  of 
the  M-F  distances  implies  that  half  of  the  cations  M2+  adopt  a five-fold 
coordination,  consequently,  the  magnetic  super  exchange  pathway  in 
triploidite  results  from  that  of  triplite  by  breaking  one  of  the  three 
M2+-F  -M2+ magnetic  bridges  and  strengthening  the  others.  |32l 

The  majority  of  these  fluorophosphates,  particularly  the 
oxyfluorinated  prepared  under  hydrothermal  conditions,  have  been  quite 
popular  in  recent  years  as  microporous  compounds  belonging  to  the 
systems  AF-M903-P905-amine  (A  = H+,  M = Al,  Ga,  3d  transition  metal). 
The  experiments  are  usually  carried  out  at  217°C  under  autogenous 
pressure,  for  36  to  40  hours.  These  compounds  obtained  under  hydrother- 
mal conditions  show  interesting  crystal  structures  which  are  again  difficult 
to  obtain  by  other  conventional  methods. 


8.5  OXYFLUORINATED  COMPOUNDS 

Oxyfluorinated  compounds  are  being  studied  extensively  in  recent 
years  owing  to  their  interesting  physical  properties.  Several  phases  in  the 
systems  BaF2-Ti02-FHaq  and  BaF9-M905-HFaq  (M  = Ta  or  Nb)  under 
hydrothermal  conditions  have  been  identified. [35k38]  Among  them, 
Ba3Nb909F12.2H90,  Ba4Nb903F19,  and  Ba3Ta209F12  have  interesting 
structures.  Ba3Ta209F12  is  a new  oxyfluoride  with  seven-fold  coordinated 
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Ta5+.  In  the  monocapped  trigonal  prism  TaOF6,  the  distances  Ta-X  (X  = 09 
or  P)  are  close  to  those  found  in  an  octahedral  environment,  which  led  to  X- 
X distances  smaller  than  the  calculated  values.  The  isolated  TaOF6  groups 
are  connected  together  by  two  types  of  Ba2+  polyhedra.  The 
Ba3Nb209F12.2H20  is  a new  acentric  hydrated  niobium  oxyfluoride.  Its 
structure  is  built  from  isolated  NbOF6  pentagonal  bipyramids.  The 
Ba4Nb203F12  is  a 3d  oxyfluoride,  which  exhibits  two  kinds  of  coordination 
polyhedra  for  Nb  atoms:  the  octahedral  form  with  (Nb02F4),  (Nb03F3) 
formulations,  and  the  pentagonal  bipyramid  (NbOFft).  Four  (NbXft)  octahe- 
dra  are  cris-oxygen  connected  to  form  separated  [Nb407F14]8_  condensed 
blocks  while  (NbOF6)  pentagonal  bipyramids  are  isolated,  but  linked  to- 
gether by  Ba2+  cations. 

In  all  these  cases,  single  crystals  have  been  prepared  by  the 
hydrothermal  technique  and  not  by  other  conventional  methods. 

The  other  material  of  technological  importance  among  fluorides  is 
Gt-PbF2  single  crystals.  Lead  fluoride  stands  out  as  an  important  optical 
material  because  of  its  chemical  and  mechanical  stability,  wide  transpar- 
ency range  (from  UV  to  medium  IR),  and  rich  substitutional  chemistry 
(permitting  the  variation  of  its  composition  and,  consequently,  its  main 
operational  parameters),  and  also  because  its  single  crystals  can  be  readily 
obtained  from  both  melt  and  solution.  Lead  fluoride  is  poorly  soluble  and 
can  be  easily  prepared  by  the  reaction  of  HF  acid  with  lead  hydroxide  or 
carbonate  or  by  precipitation  from  aqueous  solutions  of  these  reagents 
with  NH4F.  The  a-j. 3 transformation,  orthorhombic-to-cubic  in  PbF2, 
takes  place  at  460°C.  Beta-PbF9  is  chemically  more  stable,  and  can  be 
readily  obtained  as  large  single  crystals  from  the  meltJ391  However,  the  a- 
PbF2  cannot  be  prepared  by  melt  or  solid  state  reacts  or  flux  methods. 
Nikolskaya  and  Demianets  (1994)  have  carried  out  the  growth  of  a-PbF9 
at  T = 280°C  using  teflon  liners  and  at  T = 450°C  using  copper  am- 
poules)401 Extra-pure-grade  PbF2,  6-10%  NH4F  and  10-20%  KF  solutions 
have  been  used  as  the  starting  materials.  The  temperature  gradient  has 
been  maintained  at  35-42°C.  At  a lower  growth  temperature  of  280°C,  the 
quantity  of  a-PbF2  is  higher  than  the  crystals  obtained  at  450°C.  The 
crystals  are  highly  transparent,  well  faceted,  elongated,  and  up  to  8 mm  in 
length.  In  some  cases,  the  crystal  length  was  up  to  10  mm,  but  in  this  case 
the  crystals  were  fragile.  Figure  8.8  shows  the  micrographs  of  «-PbF9 
crystals  obtained  under  hydrothermal  conditions  by  Nikolskaya  and 
Demianets  (1994).  14°1 
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Figure  8.8.  Micrographs  of  a-PbF2  crystals  obtained  under  hydrothermal 
conditions. [4°1 


8.6  PHYSICAL  PROPERTIES  OF  TRANSITION  METAL 

FLUORIDES  AND  FLUOROCARBONATES/ 
FLUOROPHOSPHATES/OXYFLUORIDES 


These  compounds  exhibit  essentially  magnetic  properties,  ionic 
conducting,  and  nonlinear  optical  properties.  The  oxyfluorides  exhibit 
microporous  structures,  which  are  highly  useful  as  selective  gas  absorbers, 
catalysts,  and  so  on.  Here  we  discuss  only  a few  representative  com- 
pounds and  their  physical  properties. 
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Among  the  fluorocarbonates,  KCu(C03)F  and  BaCu(C03)F,  exhibit 
excellent  magnetic  properties. 

The  variation  of  the  reciprocal  susceptibility  of  KCu(C03)F,  in  the 
temperature  range  4.2-300  K,  is  given  in  Fig.  8.9.  The  magnetic  suscepti- 
bility is  weak  and  nearly  independent  of  the  temperature  between  300  K 
and  100  K,  it  then  increases  continuously  from  100  K to  4.2  K. 

Strong  antiferromagnetic  interactions  must  be  present  between 
nearest  Cu2+  neighbors  in  order  to  explain  the  magnetic  behavior  at  high 
temperature;  however,  this  hypothesis  does  not  appeal-  really  acceptable 
for  two  reasons: 


• Super  exchange  interactions  Cu-F-Cu  possible  in 
the  infinite  files  along  a are  not  generally  very 
strong  (J/k  -100  K) 

• Super-super  exchange  interactions  Cu-O-O-Cu 
(through  the  carbonate  ions)  are  probably  even 
weaker. 


Figure  8.9.  Reciprocal  susceptibility  of  KCu(CO0F  J31]  ( Courtesy  of  the  Gauthier- 
Villars/ESME,  Paris.) 
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Ferromagnetic  interactions  must  also  take  place  at  low  temperature 
(T  < 60  K).  The  variation  of  the  inverse  magnetic  susceptibility  with  the 
temperature  is  given  in  Fig.  8.10  for  BaMn(C03)F9.  Above  T ~ 90  K,  the 
lineal-  Curie-Weiss  law  is  well  obeyed,  leading  to  a molar  Curie  constant  CM 
= 4.39  (as  compared  to  the  theoretical  value  CM  = 4.375  for  Mn2+)  and  a 
Curie  paramagnetic  temperature  0 p = -52K.  This  value  of  0 p.  together  with 
the  deviation  of  l/x  from  the  Curie-Weiss  law  at  T < 90  K indicates  that 
antiferromagnetic  interactions  dominate,  however,  no  clear  evidence  of 
magnetic  order  can  be  found  at  low  temperature.!31] 

Magnetic  susceptibility  of  Mn9P04F  and  C02P04F  has  been 
studied  by  Leblanc  et  al.  ( 1 997). 1321  The  variation  of  the  inverse  magnetic 
susceptibility  Xg1  with  temperature  (Fig.  8.11)  and  the  absence  of  field 
dependence  of  the  susceptibility  are  indicative  of  antiferromagnetic  behav- 
ior with  Tn  - 15  and  TN  = 14  K for  Mn9P04F  and  C02P04F,  respec- 
tively. Above  ~100  K,  the  Curie-Weiss  law  is  well  obeyed  and  yields  9 p = 
-50  K,  CM  = 8.2  and  6 p = -53K,  CM  = 6.4.  These  molar  Curie  constants, 
which  give  peff  = 5.70  and  5. 1 pB,  are  in  good  agreement  with  the  calculated 
value  CM(th)  = 8.75  (spin  only  value)  for  Mn2+  and  with  the  value  usually 
found  for  Co2+. 


0 100  200  000 
p T (K) 


Figure  8.10.  Variation  of  the  inverse  magnetic  susceptibility  with  temperature.1311 
(Courtesy  of  the  Gauthier-Villars/ESME,  Paris.) 
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Figure  8.11.  V ariation  of  the  inverse  magnetic  susceptibility  Xg" 1 with  temperature i32l 


8.7  HYDROTHERMAL  SYNTHESIS  OF  TUNGSTATES 

Tungstates  form  an  important  class  of  materials  with  a wide  range 
of  divalent  and  trivalent  metals  in  their  composition.  Among  the  trivalent 
metals,  the  rare  earth  and  transitional  metals  are  the  common  ones. 
Tungstates  are  either  simple  or  mixed  types,  but  exhibit  high  thermal  and 
chemical  stability  in  general.  The  important  physical  properties  are  excel- 
lent luminescent  and  electrical  conductivity. 

Tungstates  can  be  obtained  by  different  methods,  like  solid-state 
reactions,  flux,  and  hydrothermal,  however,  it  is  the  flux  method  that  is 
very  popular  in  the  growth  of  a large  variety  of  tungstates.  With  the  recent 
advances  in  the  hydrothermal  chemistry  of  various  inorganic  systems 
and  the  influence  of  organic  precursors  or  solvents  in  the  growth  of 
various  inorganic  compounds,  the  hydrothermal  synthesis  of  tungstates 
is  becoming  popular.  Several  simple  and  complex  tungstates,  like 
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Me2+W04  (Me  = Ca,  Cd,  Mn,  Fe,  Ca,  Sr,  Ba,  Cd,  Mn,  Zn),  M92+  MCWO^, 
MLn(W04)2,  (M  = Li,  Na,  K,  Rb;  Ln  = rare  earths),  have  been  reported.  In 
general,  the  synthesis  of  Sr  and  Ba  tungstates  are  carried  out  using  either 
(NaOH)  solution  or  chloride  solution,  whereas  for  the  growth  of  Ca,  Cd,  Mn, 
Fe,  it  is  possible  to  obtain  only  in  the  chloride  solutions  with  100%  output)41 1_ 
143 1 Wolframites  of  divalent  metals  belong  to  two  structural  groups,  one 
crystallizing  in  the  scheelite  type  covering  CaW04,  SrW04,  and  BaW04;  the 
second  one  crystallizing  in  the  wolframite  structure  type  covering  CdW04, 
MnW04  and  FeW04.  The  first  group  usually  forms  bipyramidal  crystals  of 
3-5  mm  size.  The  second  group  of  crystals  are  usually  prismatic  in  form  and 
their  synthesis  is  carried  out  from  a mixture  of  M2+0  and  W03  (M2+=  Cd, 
Mn,  Fe)  in  1 : 1 ratio  at  temperature  375-550°C  and  pressure  up  to  2000  atm. 
As  mineralizers,  aqueous  solutions  of  chlorides  and  more  complex  solutions 
like  the  mixture  of  chlorides  and  fluorides,  sodium  wolframite  and  sodium 
chloride  and  sodium  nitrate  are  uscd.|42i|43  Among  the  mixed  wolframites 
MM2+(W04)2  (M  = Li,  Na,  K;  M2+  = Cd,  Mn,  Fe)  are  the  common  ones 
prepared  by  the  hydrothermal  method.  The  wolframites  of  trivalent  metals 
form  two  large  groups,  ( i ) simple  trivalent  metal  wolframites  and) ii ) mixed 
trivalent  metal  wolframites.  Besides,  there  are  several  hydrous  wolframites, 
Me3+W 04(0H),|44l  oxychloride  wolframite  Me3+W 04C1  and  oxywolframites 
nMe903-mW03.  The  ratio  of n:m  varies  in  this  case  between  1:1  and  1 :3.|45! 

Most  of  these  simple  or  mixed  tungstates  containing  divalent  and 
trivalent  metals  exhibit  magnetic  properties.  However,  it  is  the  mixed  rare 
earth  tungstates  which  occupy  a unique  place  in  the  tungstate  family  owing 
to  their  excellent  optical,  electrical,  and  magnetic  properties.  Among  these 
high  temperature  polymorphs  of  mixed  rare  earth  tungstates,  MR  (W04)9 
(M  = Li,  Na,  K,  Rb,  Cs;  R = rare  earth  elements)  crystals  have  a common 
crystal  structure  which  is  similar  to  that  of  tetragonal  scheelite,  (CaW04) 
under  atmospheric  pressure;  however,  the  low  temperature  polymorphs  of 
these  mixed  rare  earth  tungstates  belong  to  the  monoclinic  system.1461 
Klevstov  and  his  group  have  worked  out  in  detail  the  synthesis  of  simple 
and  mixed  rare  earth  tungstates  and  one  of  the  important  systems  is  Pr903- 
W03-LiCl-H90,  with  a concentration  of  LiCl-20  wt%J47H5i]  Figure  8.12 
shows  the  TN-diagram  of  crystallization  (N  = Pr903/W03).  With  a de- 
crease in  T < 450°C  and  increase  > 550°C,  the  field  of  crystallization  of 
monocationic  tungstates,  PrW040H  and  Pr9W909  occupy  relatively 
lower  values  of  N-RW04(OH):  hydroxyl  wolframates  containing  almost 
the  entire  series  of  rare  earth  elements  (Pr-Lu)  have  been  obtained  by 
Klevstov  and  coworkers.1471  The  lighter  lanthanides  crystallize  in  the  aqueous 
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solutions  LiCl,  as  LiR(W04)0,  and  a similar  picture  is  obtained  for  KC1,  RbCl 
giving  rise  to  KR(W04)2  or  RbR(W04)> 


1:5  1:4  1:3  1:2  1:1  2:1  5:1 


Piv/J^/WO, 


T7 


Figure  8.12.  TN-diagram  of  crystallization  (N=Pr203/W  03  )Jfi9i 
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These  mixed  alkali  rare  earth  tungstates  are  most  important  among 
tungstates  in  general.  Although  these  tungstates  were  reported  during  the 
late  1950s  and  1960s,  not  much  has  been  studied  with  reference  to  their 
crystal  growth  and  phase  relations  in  the  respective  systems,  and  there 
exists  some  lacunae  in  the  characterization  of  alkali  rare  earth  tungstates. 
The  probable  reason  for  this  may  be  the  nonavailability  of  good  quality 
single  crystals  due  to  the  high  temperature  of  synthesis  involved.  There  are 
several  reports  on  the  synthesis  and  characterization  of  alkali  rare  earth 
tungstates,  but  most  of  them  deal  with  the  flux  growth  and  solid  state 
reactions . t46][5i]-[53]  The  crystals  are  fine  grained  and  poor  in  quality  with- 
out a proper  morphological  development.  Similarly,  there  are  quite  a few 
reports  on  the  hydrothermal  growth  of  alkali  rare  earth  tungstates,  but  the 
PT  conditions  of  synthesis  were  quite  high  (T  = 700-900°C;  P = 2-3 
kbar).141 11421  Byrappa  and  Jain  (1996)  have  reported  the  hydrothermal 
growth  of  NaLa(W04)9  crystals  under  fairly  lower  PT  conditions  (T  = 
240°C;  P = 80-100  bar),  using  a suitable  mineralizer  solution.154!  Carobbi 
and  Tancredi  (1928)  have  studied  the  system  Cc2(W04)3-Na2W04-H90 
at  25°C  and  this  work  has  formed  some  basis  for  the  work  of  Byrappa  and 
Jain  (1996)  to  grow  NaLn(W04)2  (where  Ln  = La,  Ca,  Nd)  crystals  at 
moderately  lower  PT  conditions.1'’411^1 

On  the  whole,  the  growth  of  alkali  rare  earth  tungstates  by  the 
hydrothermal  method  is  quite  complicated  due  to  the  high  temperature  of 
synthesis  involved  and  the  lack  of  solubility  data.  Moreover,  the  crystals 
obtainedby  earlier  workers  were  fine-grained  or  small  rounded  or  subrounded. 

A systematic  study  on  the  search  of  a suitable  mineralizer  has 
been  carried  out  on  the  empirical  basis.  Further,  some  selected  crystal 
growth  experiments  have  been  carried  out  at  lower  PT  conditions  using 
suitable  mineralizers.  The  experiments  were  carried  out  using  Morey-type 
autoclaves  and  teflon  liners  of  20,  30,  40,  and  50  ml  capacity.  The  starting 
materials  such  as  W03  and  La(N03)3  were  taken  in  desired  molar  propor- 
tions: Na90:La203:W03  = 12-18:1:18-23  and  placed  inside  the  teflon  liner. 
The  alkaline  component  of  the  starting  materials  was  taken  in  the  form  of  a 
NaOH  solution  with  a definite  molarity  and  this  solution  acts  as  a mineral- 
izer. The  entire  mixture  was  stirred  well  until  a homogeneous  solution  was 
obtained.  In  addition,  several  other  mineralizers,  such  as  HC1,  HCOOH, 
FLS04,  HN03,  and  mixed  mineralizers  like  HC1  + HCOOH,  HC1  + H9S04, 
and  HCOOH  + HN03  with  varying  concentrations  have  been  tried. 
However,  the  majority  of  these  experiments  yielded  mainly  the  crystalline 
powders  and  also  mixed  phases.  Therefore,  NaOH  has  been  proven  to  be 
the  most  suitable  mineralizer  for  the  growth  of  alkali  rare  earth  tungstates, 
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whereas  the  earlier  workers  had  concluded  that  the  chloride  solutions  were 
the  best  for  the  growth  of  these  tungstates. 

The  crystallization  was  canned  out  in  all  experiments  through 
spontaneous  nucleation  by  Byrappa  and  Jain  (1996). [54]  In  order  to  control 
the  nucleation  centers,  the  temperature  of  the  crystallization  reactor  was 
increased  very  slowly  at  a rate  of  10°C/hr  up  to  100°C  and  beyond  this  at 
5°C/hr.  The  nutrient  materials  were  held  at  240°C  for  a period  of  three 
days  without  any  fluctuations  in  the  temperature.  From  the  fourth  day 
onward,  temperature  fluctuations  of + 10°C  were  introduced  periodically  in 
order  to  reduce  the  nucleation  centers.  By  this  means,  the  small  crystallites 
that  had  developed  previously  dissolved  and  only  the  larger  crystallites 
remained.  This  resulted  in  the  growth  of  larger  crystals  (7  mm  x 5 mm  x 5 
mm).  The  pH  of  the  medium  was  varied  from  7-11,  and  good  quality  single 
crystals  were  obtained  in  the  pH  range  8. 4-8. 8.  The  crystals  obtained  by 
this  method  were  of  good  quality,  showing  high  transparency,  vitreous 
luster,  and  well-developed  crystal  morphology,  with  the  size  varying  from 
1 .0  to  7.0  mm.  Table  8.2  gives  the  experimental  conditions  of  the  growth  of 
NaLa(W04)2  crystals.  The  crystals  obtained  by  the  earlier  workers  at 
higherPT conditions  were  smaller  and  more  equi-dimensional,  experimen- 
tal temperature,  T = 240°C;  duration  = 10  days;  pH  of  the  nutrient 
measured  before  the  experimental  run. 


Table  8.2.  Experimental  Conditions  For  the  Growth  of  NaLa(W04)2 
Crystals[54] 


SI. 

No 

Nutrient 

pH 

P 

Size 

(bar) 

Remarks 

(mm) 

1 . 

WO3:6.0  g 
La(NO3)3:0.75  g 
4.5  M NaOn:7  ml 

7.0 

120 

White  crystalline  powder 

2. 

WO3:6.0  g 

La(NO3)3:0.75  g 
4.7  M NaOH:7  ml 

7.5 

120 

2-3 

Small,  broad,  tabular, 
transparent, 
rhombohedral, 
colorless  crystals 

3. 

WO3:6.0  g 

La(NO3)3:0.75  g 
5.0  M NaOH:7  ml 

8.0 

120 

3-4 

Rhombohedral,  colorless 
crystals 

4. 

WO3:6.0  g 

La(NO3)3:0.75  g 
5.4  M NaOH:  7 ml 

8.4 

120 

4-5 

Well-developed,  tabular, 
prismatic,  highly  transparent, 
colorless  crystals 

( Cont’d.) 
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Table  8.2.  ( Cont’d .) 


SI. 

No 

Nutrient 

pH 

P 

Size 

(bar) 

Remarks 

(mm) 

5. 

WO3:6.0  g 
La(N03)3:  0.75  g 
5.4  M NaOH:7  ml 

8.4 

60 

White  crystalline  powder 

6. 

W03:  6.0  g 
La(N03)3:  0.75  g 
5.4  M NaOH:  7 ml 

8.4 

80 

2-3 

Thin  needlelike  crystals 

7. 

WO3:6.0  g 

La(NO3)3:0.75  g 
5.4  M NaOH:7  ml 

8.4 

100 

3-4 

Rhombohedral,  transparent, 
colorless  crystals 

8. 

WO3:6.0  g 

La(NO3)3:0.75  g 
5.9  M NaOH:7  ml 

8.8 

120 

5-6 

Tabular,  prismatic, 
transparent 

9. 

WO3:6.0  g 

La(NO3)3:0.75  g 
6.2  M NaOH:7  ml 

9.3 

120 

6-7 

Rod,  prismatic  subtransparnet, 
colorless  crystals 

10. 

WO3:6.0  g 

La(NO3)3:0.75  g 
6.2  M NaOH:7  ml 

9.8 

120 

4-5 

Thin,  long,  translucent, 
needlelike  crystals 

1 1. 

WO3:6.0  g 

La(NO3)3:0.75  g 
6.9  M NaOH:7  ml 

10.2 

120 

2-3 

Small,  thin,  translucent, 
needlelike  crystals 

The  probable  reason  for  the  small  crystals  may  be  the  higher  ionic 
mobility,  low  viscosity,  and  higher  concentration  of  solute  ions.  The  crystals 
obtained  by  this  means  were  well  developed,  bigger  in  size,  and  of  good 
quality.  The  experimental  conditions  are  ideal  because  more  controlled 
diffusion  of  ions  exists  at  a relatively  lower  temperature  due  to  high 
viscosity,  high  density,  and  high  dielectric  constant,  and  less  thermal  strain, 
which  leads  to  well-developed  crystals.  The  crystal  morphology  varies 
significantly  with  a change  in  the  growth  parameters. 

The  formation  of  NaLa(W04)2  takes  place  under  hydrothermal 
conditions  according  to  the  following  reactions: 


Eq.  (10)  2NaOH  (aq)  + W03  (s)  ->  Na2W04  (aq)  + H20  (aq) 


642 


Handbook  of  Hydrothermal  Technology 


Eq.  ( 1 1 ) La(N03)3  + 3NaOH  -»  La(OH)3  (s)  + 3NaN03  (aq) 

Eq.  (12)  2La(OH)3  + 2W03  (s)  ->  La2(W04)3  + 3H20 

Eq.  (13)  La2(W04)3  + NaoW04  (aq)  -»  2NaLa(W04)2 

Eq.  (14)  4NaOH(aq)  + 2W0,  (s)  + La(NO,)3  (s)  -^NaLa(W04)2  + 
3NaN03  + 2H20 

The  trioxides  of  tungsten  (VI)  dissolve  in  aqueous  alkali  metal 
hydroxide  to  form  tungstates  and  water.  These  normal  tungstates  contain 
the  discrete  tetrahedral  ions  W042-.  It  is  not  certain  that  the  W042-  ions  are 
also  tetrahedral  in  aqueous  solution.  Tungstate  ions  polymerize  in  acid 
solution  to  give  rneta-  and  paratungstate  ions.  The  degree  of  polymerization 
in  solution  increases  as  the  pH  is  lowered,  and  a number  of  tungstates 
M20nW03MH,0,  differing  in  the  value  of/7,  crystallize  from  the  solution 
at  different  pHs.  It  has  been  observed  that  the  diffusion  coefficient  of 
tungstate  ions  in  aqueous  solutions  decreases  considerably  with  increasing 
acidity  of  the  solution,  which  is  probably  due  to  an  increase  in  the  polymer- 
ization of  ions.  In  all  the  experiments,  pH  was  measured  at  the  beginning 
and  at  the  end  of  the  experimental  runs  and  it  was  found  that  the  system 
was  moderately  alkaline,  which  avoids  the  possibility  of  polymerization. 
Lanthanide  ions,  in  spite  of  high  charges  (+3),  have  low  charge  densities 
because  of  their  large  size.  Therefore,  they  cannot  cause  much  polarization 
and,  consequently,  they  do  not  have  much  tendency  to  form  complexes. 
The  tendency  to  form  complexes  and  their  stability  increase  with  increas- 
ing atomic  number.  Since  ionic  size  decreases  from  La3+  to  Lu3+,  the 
basicity  of  hydroxides  decreases  in  the  same  order.  Thus,  La(OH)3  is  the 
strongest  and  Lu(OH)3  is  the  weakest  base.  La(OH)3  precipitates  during 
the  reaction  as  follows: 

Eq.  (15)  La(OH)3  + n - 3 — La(OH)n(n-3> 

and  later  dissolves  in  NaOH  solution  through  any  one  of  the  earlier  quoted 
reactions.  Like  La  complexes,  we  can  also  expect  NaLa  complexes  such  as 
NaxLa(OH)3  x in  the  solution.  Being  a good  base,  La(OH)3  reacts  with  W03  to 
form  lanthanum  tungstates,  which  in  turn  dissolves  in  normal  sodium 
tungstate  to  form  NaLa(W04)9  crystals  under  controlled  conditions.  In  all  the 
previous  works  on  the  synthesis  of  alkali  rare  earth  tungstates,  mineralizers 
such  as  NH4C1  and  alkali  halides  were  used  at  very  highPT conditions,  but 
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in  the  work  of  Byrappa  and  Jain  (1996),  they  have  essentially  used  water  and 
NaOH  as  mineralizer,  with  an  emphasis  on  controlling  the  release  of 
hydration  shell  water  in  the  system  through  moderately  lower  PT  condi- 
tions of  synthesis.  This  permits  a considerable  reduction  in  the  free  energy 
of  the  system,  leading  to  the  complexation  process.  Therefore,  the  use  of 
NaOH  in  the  system  and  the  formation  of  La(OH)3  in  the  course  of  the 
reaction  are  quite  useful  in  the  complexation  process,  as  it  is  well-known 
that  hydration  shell  water  experiences  less  competition  from  bulk  solvent 
water  at  moderate  temperature.  They  have  also  carried  out  a series  of 
experiments  using  heavier  lanthanides  under  the  same  experimental  condi- 
tions; however,  it  was  found  that  the  solvents  used  are  suitable  for  the  first 
group  of  lanthanides  (La,  Ce,  Nd),  but  not  for  the  other  lanthanides.  The 
reason  for  this  may  be  the  decrease  in  the  basicity  with  an  increase  in  the 
atomic  number.  Hence,  the  synthesis  of  NaLn(W04)2  (where  Ln  = Pr-Lu) 
insists  on  the  use  of  other  solvents. 

The  most  common  morphological  habits  observed  in  NaLa(W04)2 
crystals  are  prismatic,  rod-shaped,  rhombohedral,  needle-like,  etc.  The 
prism  faces  dominated  over  all  other  faces  in  the  crystals  followed  by 
pinacoidal  and  dome  faces.  NaLa(W04)2  crystals  belong  to  the  tetragonal 
system  with  scheelite  structure  type;  hence,  their  morphology  is  supposed 
to  be  simple,  at  least  in  the  case  of  single  crystals.  However,  the  crystals 
exhibit  simple  twinning  and  pseudo-triclinic  symmetry.  Figure  8.13  repre- 
sents the  schematic  diagrams  of  NaLa(W04)2  crystals.  Figures  8.14  and 
8.15  show  the  valuation  in  the  growth  rate  and  morphology  of  NaLa(W04)2 
crystals  with  the  pH  of  the  medium  and  internal  pressure,  respectively. 
Good  quality  crystals  were  obtained  in  the  pH  range  8.4-8. 8.  Figure  8.16 
shows  the  representative  photographs  of  the  alkali  rare  earth  tungstates 
obtained  by  Byrappa  and  Jain  (1996).  The  size  of  the  crystals  increases 
with  an  increase  in  the  pH  of  the  medium,  but  the  quality  of  the  crystals 
becomes  poor  and  beyond  pH  11.5,  NaLa(W04)i  does  not  crystallize. 
The  growth  rate  of  NaLa(W04)2  crystals  was  found  to  increase  with  an 
increase  in  pressure,  and  good  quality  crystals  were  obtained  at  about  120 
bars.  The  twinning  is  more  in  experiments  with  pH  values  varying  from  8.0 
to  9.0.  The  pH  of  the  mineralizer  and  the  percent  fill  have  a considerable 
influence  on  the  morphology  and  growth  rate  of  NaLa(W04)2  crystals. 
With  an  increase  in  the  pH  of  the  system,  the  morphology  varies  from 
well-developed  bulk  crystals  of  pseudo  lower  symmetry  to  long  needles  of 
even  7 mm  long  in  an  experimental  run  of  ten  days.  Similarly,  with  an 
increase  in  the  pressure  of  the  system,  the  morphology  varies  from 
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needles  (at  lower  pressure  conditions)  to  bulk  crystals  of  pseudo-lower 
symmetry  (at  moderate  pressure  conditions);  thus,  the  hydrothermal  growth 
of  tungstates,  particularly  alkali  rare  earth  tungstates,  carry  a great  signifi- 
cance in  hydrothermal  research. 


Figure  8.13.  Schematic  diagrams  of  NaLa(W04)2  crystals  J54l 
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Figure  8.16.  Photographs  of  the  alkali  rare  earth  tungstates. [541 


8.8  HYDROTHERMAL  SYNTHESIS  OF  MOLYBDATES 

Molybdenum  bearing  minerals  are  not  many  in  nature,  and  the 
most  important  mineral  is  wolfenite,  PbMo04,  belonging  to  the  scheelite 
group.  Hence,  molybdates  are  closely  related  to  tungstates  in  their  forma- 
tion, crystal  chemistry,  and  also  physical  properties.  Several  molybdates 
have  been  synthesized  artificially  by  various  techniques,  like  melt,  solid 
state,  and  flux.  Their  synthesis  is  closely  related  to  the  synthesis  of 
tungstates  and  hence,  several  isostructural  compounds  between  tungstates 
have  been  obtained.  These  molybdates  show  interesting  optical,  electrical, 
and  magnetic  properties.  Only  a small  number  of  vanadates  have  been 
obtained  under  hydrothermal  conditions.  In  fact,  Klevstov  and  group  have 
worked  out  the  growth  technology  for  molybdates  along  with  tung- 
states.[41][42]  Crystals  of  CdMo04  have  been  obtained  in  5-15  wt%  NH4C1, 
the  nutrient  materials  are  CdO  and  Mo03  in  stoichiometric  ratio.1561  The 
crystallization  was  carried  out  at  350-500°C,  AT  = 10-25°C,  in  titanium 
lined  autoclaves. 
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The  hydrothermal  synthesis  of  molybdates  is  carried  out  usually  at 
high  temperature,  > 500°C.  The  most  well  studied  system  is  R203-Mo03- 
KiMo04-H20.[5T|  Figure  8.17  shows  the  TN-diagram  of  crystallization  in 
the  system  Ri03-K2Mo04-H00.  Four  major  phases  crystallize  in  this 
system:  RMo04  (OFT),  R0MoO6,  KR(Mo04)2,  and  K5R(Mo04)4. 
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Figure  8.17.  TN-diagram  of  crystallization  in  the  system  R2O3-K2M0O4-H2O. 


Hydroxyl  Molybdates,  RMo04(OH).  This  has  been  obtained  for 
La-Eu  at  temperatures  of  450-550°C  and  pressures  of  1200-1400  atm.1571 
Rare  earth  oxides  and  molybdenum  in  the  molar  ratios  1:2, 1:3,  1 :4,  and  1:5 
were  taken  as  the  nutrient.  Good  quality  crystals  have  been  obtained  in 
aqueous  solutions  of  LiCl  and  KC1  (20  wt%)  with  an  addition  of  NH4C1  (5 
wt%).  With  a rise  in  the  temperature,  the  crystal  output  decreases  up  to  50% 
at  525°C,  and  the  tabular  and  needle-like  crystals  of  polyoxides  of  molybde- 


num increase. 
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Oxymolybdates  (R2Mo06).  These  are  obtained  in  the  ratio  R203/ 
Mo03  = 1:1,  and  oxymolybdates  with  rare  earth  elements  from  Pr  to  Er  have 
been  obtained  under  hydrothermal  conditions  J58]  The  synthesis  is  carried  out 
at  500-600°C  in  aqueous  solutions  of  K,Mo04  with  a concentrations  of  < 35 
wt%  and  the  starting  R,03/Mo03  ratios  = 1 : 1 to  1 :2.  The  oxymolybdates 
under  these  conditions  crystallize  in  the  low-temperature  monoclinic  modifi- 
cation isostructural  to  Nd2W06.[58]  Kodama  and  Ozurni  (1980)  have  ob- 
tained Bi2W06  crystals  in  pure  water  at  T = 300-5  00°C  and  P = 500-800 
atm.1591  The  nutrients  Bi203  and  Mo03  in  the  ratio  1:1  have  been  used. 
Similarly,  these  authors  have  obtained  BUMoOfi  in  Li,  Na,  K,  NH4  (T  = 200- 
400°C,P  = 175-400  atm)  chlorides,  in  KF  solution  (T=  100-300°C,P=  50- 
300  atm)  and  NaF  solution  (T  = 200-400°C,  P = 100-420  atm).  Several 
compounds  exist  in  the  Bi-,03-Mo03  system  because  they  are  efficient 
catalysts  (for  instance,  for  oxidation  of  unsaturated  hydrocarbons).  Bi0MoO6 
is  one  of  the  compounds  in  the  system  and  is  found  in  natural  deposits  as  the 
mineral  koechlinite,  which  is  one  of  the  polymorphs  of  Bi2MoOe.  This 
compound  has  three  polymorphic  forms.  The  y-form  transforms  quickly  and 
irreversibly  into  the  high  temperature  form  when  it  is  heated  above  600°C. 
Therefore,  the  hydrothermal  method  is  very  useful  for  preparing  the  y-form. 
Under  hydrothermal  conditions,  the  presence  of  water  vapor  enabled  reac- 
tions between  Bi003  and  Mo03  to  occur  at  much  lower  temperatures  than 
those  required  for  “dry”  conditions.  Figure  8.18  shows  the  photograph  of  an 
assembly  of  y-Bi-,Mo06  single  crystals  obtained  in  NH4F  solution. 


1 m m 


Figure  8.18.  Photograph  of  an  assembly  of  y-  Bf,MoOfi  single  crystals  obtained 
from  NH4F  solution.^ 
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Several  oxymolybdates  of  1:3  ratio  have  been  obtained  and  the 
prominent  ones  are  Fe0(Mo04)3,  In2(Mo04)3,  and  Fe-,(Mo04)3  obtained  in 
5-10  wt%  LiCl  solutions  at  T = 400-5  00°C  and  P = 400-1000  atm. 

Among  the  mixed  rare  earth  molybdates,  the  prominent  ones  are: 
M+R(Mo04)t  (M+  = Li,  Na,  K;  R = rare  earth  elements. [60H62]  These 
double  molybdates  are  known  for  every  series  of  rare  earth  elements  (Ln  = 
La-Lu,  Y).  They  are  prepared  by  crystallization  from  solution,  in  the  melt, 
solid-phase  synthesis,  and  by  the  hydrothermal  method.  The  entire  series 
of  compounds  arc  isostructural  to  the  tetragonal  scheelite,  CaW04.  The 
experimental  conditions  arc  T = 525-600°C,P  = 1000-1500  atm.  Aqueous 
solutions  of  5 to  50  wt%  of  K2Mo04  were  used  as  solvents  and  KOFI  was 
added  to  obtain  the  desired  pFI  of  the  growth  media.  The  other  molybdates 
are  (oc-KBi(Mo04)2,  KY(Mo04)2,  K5R(Mo04)4,  K2Pb(Mo04)2, 
K,(K  5R  5)(Mo04)2,  LiLalMoO^,  and  so  on.|fi4  The  experimental  condi- 
tions, like  pressure,  temperature,  and  solvent,  are  the  same  except  for  the 
type  and  ratio  of  the  stalling  components  which  determine  the  crystalliza- 
tion of  other  phases. 

In  recent  years,  there  are  several  new  molybdates  synthesized 
under  hydrothermal  conditions  exhibiting  good  ionic  conductivity  and  some 
zeolitic  structures.  Among  them,  the  copper  molybdates  are  very  interest- 
ing super-ionic  conductors.  The  Cu1+6Mo6+5018  and  Cu1+4Mo6+5017have 
been  synthesized  by  the  hydrothermal  technique  using  stoichiometric  quan- 
tities of  cuprous  oxide  and  molybdenum  trioxide  taken  in  a gold  capsule 
which  is  filled  with  a known  quantity  of  distilled  water.  The  capsule  was 
sealed  and  held  at  3 kb  pressure  and  500°C  temperature  for  12  hours, 
followed  by  a slow  cooling  (10°C/hr)  to  room  temperature.  Under  the 
microscope,  very  thin  crystals  appeared  and  were  reddish-brown  in  trans- 
mitted light.  [64][65]  Figure  8.19  shows  the  resistivity  data  for  Cu4Mo5017 
crystals.  The  resistivity  measurements  were  made  on  single  crystals  using 
indium  contacts  soldered  on  the  crystals  in  a nitrogen  atmosphere  to  avoid 
oxidation. 

Meyer  and  Flaushalter  reported  many  reduced  molybdenum  phos- 
phates with  octahedral-tetrahedral  framework.1661  Following  this,  there  is 
also  much  interest  in  molybdates  and  molybdenum  oxides  due  to  their 
catalytic  activity  and  their  capability  of  forming  crystal  structures  which 
allow  rich  intercalation  chemistry  using  secondary  and  tertiary  amines.167  H66i 
These  compounds  yield  microporous  structures.  The  hydrothermal  method 
helps  to  synthesize  molybdates  in  acidic  medium  by  using  various  templates 
as  structure-directing  units.  The  structures  of  (MoxOy)n_  can  be  “tailored” 
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to  a certain  degree  by  altering  the  size,  conformation,  and  properties  of 
templates  and  the  acidity  of  the  reaction  system.  This  results  in  a series  of 
chain  and  layer-type  polymeric  molybdenum  oxides  with  intercalating 
cations.  Thus,  these  new  molybdates  are  the  most  perspective  materials 
which  can  be  obtained  only  by  hydrothermal  technique. 


Figure  8.19.  Resistivity  data  for  Cu4Mo5017d651  (Courtesy  of  the  Academic 
Press,  Orlando,  Florida.) 


8.9  HYDROTHERMAL  SYNTHESIS  OF  TITANATES 

Titanium  is  one  of  the  most  abundant  elements  in  the  earth’s  crust 
and  takes  the  ninth  place  in  the  order  of  abundance.  It  can  be  considered  in 
two  parts.  The  first  part  is  its  concentration  in  only  a few  mineral  struc- 
tures, like  ilmenite,  sphene,  rutile,  and  a few  others.  In  the  second  part,  it  is 
an  isomoiphous  substituting  cation  in  a majority  of  silicates  and  other 
complexes  in  spite  of  the  heterovalency,  large  difference  in  the  ionic  radii, 
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etc.  The  presence  of  Ti4+  and  Zr4+  in  the  silicates  usually  leads  to  the 
formation  of  mixed  framework  structures. 

A lot  of  chemical  elements  can  form  the  octahedral  coordination  in 
crystal  structures.  Among  these  compounds  it  is  possible  to  enlist  a rather 
numerous  group  of  oxides  of  Ti,  Ta,  Nb,  Zr,  and  of  transitional  elements 
(Cu,  Mn,  Fe,  Cr,  Al,  etc.).  Among  these,  the  titanates  are  the  most 
important  materials,  not  only  because  of  their  structural  diversity,  but  also 
of  their  increased  technological  applications,  like  electro-optic,  laser, 
superionic,  high  temperature  superconductoring,  etc.  In  contrast  to  silicates 
and  their  analogs,  the  titanates  have  octahedral  coordination  and  have  layer 
or  framework  configurations,  but  not  isolated  rings,  islands,  chains,  etc. 

8.9.1  Crystal  Chemistry  of  Titanates 

In  titanates,  formally  in  each  [Ti06]  unit,  each  oxygen  atom  gets 
about  4/6  = 0.67  unit  from  the  central  cation.  Therefore,  it  is  quite  certain 
that  during  the  crystallization  of  titanates  (Ti4+),  the  oxygen  anions  should 
be  bonded  with  additional  cations  in  order  to  attain  the  desired  local  charge 
balance.  However,  under  surplus  concentration  of  Ti4+  in  the  starting 
composition,  the  function  of  other  cations  is  usually  met  by  Ti4+  itself.  In 
the  natural  systems,  titanates  usually  have  Na+,  K+,  Ca2+,  Sr2+,  Ba2+,  and 
other  metals  in  their  composition  and  the  charge  balance  can  be  well 
established  in  such  compounds.  In  the  earth’s  crust,  silicon  is  more 
abundant  with  a higher  charge  (+4)  and  lower  coordination  number  (4). 
Hence,  it  forms  a more  common  partnership  with  Ti4+in  the  earth’s  crust 
to  form  titanosilicates.  The  other  cations  which  play  a major  role  in  the 
charge  compensation  in  titanium  minerals  are  Zr4+,  Fe3+,  Fe2+,  Mn2+,  Mg2+, 
and  also  the  proton  (H+).  Table  8.3  gives  the  common  association  of 
[Ti06]8_  in  the  structure  of  oxide  compounds.  The  said  formula  unit  of 
column  1 of  Table  8.3  can  be  easily  obtained  directly  from  the  association 
symbol.  For  example,  the  radical  formula  corresponding  to  the  association 
5(1)  - 1(2)  takes  the  form  TiO(5/l  + 1/2)  = Ti05  5 or  Ti,Ou.  It  is  observed 
that  the  sequence  of  all  the  Ti-0  radicals  given  in  Table  8.3  is  made  up  of 
homological  series  with  a general  formula  [Ti2Op_n]_2(8_n),  where  n = 0, 1 , 2, 
3, ..  .8.  The  most  simple  titano-oxygen  motif  is  [TiOg]8- radical  with  all  the 
six  free  vertices.  Instead  of  discussing  each  radical  unit  given  in  Table  8.3, 
only  a few  selected  and  most  widespread  radical  groups  are  discussed 
here.  The  most  popular  among  these  is  the  Ti-0  framework  consisting  of 
the  basic  structure  related  to  perovskite  type  CaTiOv|7(,l  Similarly,  it  is 
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Table  8.3 

Compounds 

Common  Association  of  [Ti06]8_ 

In  The  Structure  of  Oxide 

Symbol  and 

radical 

formular 

Association  character 

Structure  type 

6(1) 

(tio6)8- 

discrete  octahedra 

K2TiSi309,NaTi2(P04)3, 

K2TiSigO]5 

5(1)- 1 (2) 

(Ti2Ou)14- 

octahedra  sharing  common 
vertices 

NaTi2Al3012,  Ba4Ti2PtO10, 
TiTe308 

4(1) -2(2)- 
(Ti05)6" 

para  octahedra  sharing  common  edges, 
infinite  chain  of  octahedra  sharing 
trans-vertices 

(a)  linear 

(b)  zig-zag 

Leucosphenite,  Neptunite 
Tinakite 

Pseudobrookite 

Sphene 

3(1)-  3(2) 
(Ti209)10- 

para  octahedra  sharing  common  faces 

Hexagonal  modification  of 
BaTi03 

2(1)  -4(2) 
(Ti04)4" 

infinite  pillars  of  edge-shared  octahedra 

(a)  linear 

(b)  zigzag  layered  network  of 
vertices  shared  octahedra 

Rutile 

Brookite 

KD  -5  (2) 
(Ti207)6" 

double  layered  vertices  shared 
shared  octahedra 

Bi2(NbTi)09,  Bi3(TaTi)09 
Sr3Ti207 

6(2) 

(Ti04)4" 

framework 

vertices  shared  octahedra  edge  shared 
octahedra,  vertices  and  faces  linked 
octahedra 

Ilmenite,  Perovskite,  pyrochlore 
Ca3Ti,,06  - TIiTi  ,Ofi  CaTi204 
BaTi03  hexagonal  modification 

3(2)-3(3) 

(Ti205)2- 

— 

— 

6(3) 

(Ti02)° 

Ba(Ti7Mg)Ole 

Close  packed  layered  octahedra 
framework  with  vertices  edges 
, shared  octahedra 

TiCl2,  Til2,  TiS2 
Rutile,  Brookite,  anatase 

6(4) 

(Ti203)0 

Framework  with  vertices,  edges 
and  faces  shared  octahedra 

Ti203  corundum 
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interesting  to  consider  perovskite  type  framework  in  ilmenite,  pyrochlore, 
and  spinel  types,  however,  the  most  important  association  in  the  crystal 
chemistry  of  titanates  is  the  TiO,  in  three  polymorphic  modifications,  of 
which  the  rutile  type  is  the  most  stable  one,  with  linear-  columns  of 
octahedra  sharing  edge.  The  most  complex  association  is  that  where  each 
oxygen  atom  is  linked  with  four  Ti4+  octahedra  and  it  is  considered  to  be  a 
highly  unique  structure  since  it  indicates  an  anomalously  high  supersatura- 
tion of  the  corresponding  oxygen  ligands  with  Ti4+.  Such  complex  struc- 
tures are  formed  in  K(NbTi)05,  Na2Ti307,  A2Ti6013,  where  A = Na,  K, 
Rb,  and  similarly  NaxTi408.l?l  1-1741  Here,  it  is  appropriate  to  discuss  the 
groups  consisting  of  titanium  coordination  with  five  vertices,  i.e.,  tetragonal 
pyramids  and  trigonal  pyramids.  In  this  case  also,  it  is  possible  to  use  the 
principle  of  association  character.  With  the  help  of  simple  and  complex 
symbols,  for  Ti-0  polyhedra  in  the  discrete  form,  only  tetragonal 
pyramids  have  been  reported  and  such  structures  can  be  expected  in 
titanates,  silicates,  germanates,  and  rare  earth  titanates,  RTi05  where 
R = Y,  La.|75||7A|  All  the  above  mentioned  different  motifs  of  Ti-0  octahe- 
dra— either  isolated  or  discrete  pairs — are  linked  with  each  other  to  form 
chains,  ribbons,  layers,  etc.,  clearly  indicating  the  ability  of  Ti4+  to  decrease 
its  coordination  number  up  to  five  and,  thus,  giving  new  motifs  corre- 
sponding to  Pauling’s  polyhedra.  Obviously,  intercondensation  of  Ti-0 
polyhedra  makes  a part  of  their  edges  and  vertices  remain  free.  This  is 
attributed  to  the  higher  probability  of  severely  disturbed  charge  balance, 
and  it  becomes  important  when  the  Ti-0  distances  in  coordination 
polyhedra  fall  from  the  normal  values.  Reduction  in  the  coordination 
number  of  Ti4+  up  to  5 can  be  considered  due  to  the  limited  manifestation 
of  the  tendency  of  Ti4+  ions  under  the  given  conditions  by  giving  out  one  of 
its  ligands. 

In  summary,  the  above  described  crystal  chemical  elucidation  of 
titanium,  particularly  Ti  octahedra,  undergo  condensation,  their  varying 
associations,  abundance  of  the  edge  contacts  between  these  polyhedra,  an 
anomalous  case  of  their  faces  linked,  reduction  in  the  coordination 
number  of  Ti,  the  possibility  of  reaching  a complete  charge  compensation, 
etc.,  justify  a wide  structural  diversity,  both  in  natural  and  synthetic 
compounds. 

In  comparison  with  the  other  anion  forming  elements,  Ti4+  stands 
close  to  Si4+  in  several  respects.  Probably  the  main  reason  for  such  a 
closeness  is  the  repulsive  forces  between  the  higher  valent  ions  like  Ti4+ 
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and,  in  general,  Ti4+  can  form  complexes  easily  with  the  group  IV  elements 
of  the  periodic  table.  Since  Ti4+  has  a higher  coordination  number,  it  is  not 
as  easy  to  understand  the  absence  of  analogous  phase,  TiSi04,  in  the 
system  TiCVSiOo.1771  Out  of  thirty-two  known  titano-silicate  compounds  in 
nature,  eighteen  consist  of  one  or  the  other  groups  of  titanium  octahedra. 
Under  these  circumstances,  it  leads  to  an  unexpected  variation  in  their 
association,  like  isolated,  infinite  motifs  of  chains  and  layers,  etc.  Here  it  is 
necessary  to  emphasize  the  abundance  of  Ti  octahedra  sharing  their  edges 
in  silicates,  making  it  closer  to  its  neighbor  diagonally  in  the  periodic  table, 
i.e.,  Al3+,  which  can  form  tetrahedral  and  octahedral  coordinations  with 
both  A1  octahedra  and  Ti  octahedra  sharing  their  edges  (epidote,  kyanite, 
sillimanite,  and  andalusite).  Such  a formal  substitution  of  Al3+in  tetrahedra 
and  Ti4+  octahedra  does  not  change  the  charge  balance  in  the  silicate 
structures.  Considering  the  closeness  of  Al-Si  and  Ti-Si  frameworks,  it  is 
necessary  to  show  their  principal  difference  of  bonding  with  different 
valency  and  coordination  of  silicon  substitutes. 

It  is  well  known  that  all  the  variations  in  the  framework  silicates 
are  connected  with  the  heterovalent  substitution:  Si4+  — > Al3+.  If  the 
framework  is  made  up  of  pure  (Si02)  then  in  the  isovalent  substitution  (but 
not  isomorphic)  of  Si4+  — > Ti4+,  the  Ti4+  gets  the  additional  oxygen  atoms  to 
form  an  octahedral  coordination. 

It  is  interesting  to  note  that  Zr  - Hf  forms  an  excellent  solid  solution 
because  of  its  unique  chemical  and  crystal  chemical  closeness,  which 
brings  in  the  neighboring  elements,  including  the  lanthanide  series.  The 
other  elements  which  can  form  the  isomorphic  substitution  with  Ti4+  are 
Nb5+,  Ta5+,  Zr4+,  Fe3+,  and  Al3+.  All  these  substitutions  are  obtained 
experimentally;  however,  in  nature  such  a large  substitution  has  not  been 
found,  for  example,  Al3+  rarely  substitutes  for  Ti4+  in  minerals  or  vice- 
versa.  Here,  it  is  necessary  to  remember  that  both  A1  and  Ti  show 
chemically  amphoteric  behavior  which  changes  their  coordination  numbers 
significantly,  so  also  the  ionic  radii  (rTi4+  = 0.68  A,  rAl3+  = 0.5 1 A)  plays  an 
important  role.  Therefore,  a part  of  the  Al3+,  octahedrally  coordinated,  can 
form  the  isomorphous  substitution  with  octahedrally  coordinated  Ti4+. 

One  of  the  most  common  schemes  observed  in  the  heterovalent 
substitution  of  Ti4+  — > Nb5+  shows  2Ti4+  —>  Nb5+  + Fe3+.  There  are  many 
such  examples  for  Ti4+  — > Nb5+  in  the  synthetic  compounds  like  TiNb07, 
Ba6TioNb8O30,  and,  similarly,  YNbTi06,  a symmetric  analog  of  the  metamict 
mineral. t78|— [8°]  on[y  jn  two  mineral  structures:  epistolite, 
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Na^Nb.Ti^SijOg.nHoO,  and  vuonnemite,  Na4TiNb0Si4017-2Na3P04  has 
such  an  isomorphism  between  Ti4+  and  Nb5+  been  reported. 

In  spite  of  the  isovalent  behavior  of  these  Ti4+  and  Zr4+  atoms,  their 
crystal  chemical  relation  is  not  as  close  as  that  of  Ti4+  — » Nb4+.  The  main 
reason  is  higher  ionic  radii  of  Zr4+  (0.79  A)  and  also  the  different  nature  of 
bonding  of  Zr-0  and  Ti-O,  particularly  the  latter,  which  is  appreciably 
different.  Moreover,  there  is  a greater  variation  in  the  Ti-0  bond  distances  in 
the  Ti-0  octahedra,  and  also  the  Ti4+  octahedra  has  a tendency  to  undergo 
condensation,  and  it  is  well-known  that  the  coordination  number  of  Ti4+  in 
quite  a few  structures  goes  down  from  6 to  5 and  even  to  4.  In  contrast,  the 
Zr-0  bond  distances  do  not  vary  much  in  the  Zr-octahedra,  which  show  no 
tendency  for  undergoing  condensation.  Besides,  in  a series  of  oxides  (both 
simple  and  complex)  the  Zr4+  cations  increase  their  coordination  number 
from  6 to  7 and  up  to  8. 

In  recent  years,  a large  number  of  experiments  have  been  carried 
out  on  the  isomorphism  of  various  titanium  bearing  compounds,  which  have 
technological  applications.  BaTi03,  SrTi03,  alkali  titanates,  LiNb03,  AB04 
(A  = Sb,  Bi;  B = Nb,  Ta,  Sb),  etc.,  are  the  important  examples.  Alkali 
titanates  with  layered  structures  can  form  suitable  examples  for  the 
nonstoichiometry  on  the  guest  cations.  KTiNb05  reported  by  Wadsley 
(1964)  is  one  such  compound,  where  each  sheet  (TiNb05)n+  consists  of 
double  zigzag  strings  of  octahedra  sharing  corners,  which  suggests  the 
possibility  of  nonstoichiometry  on  the  K ion  sites. [71]  Rebbah  et  al.  (1980) 
have  studied  the  nonstoichiometric  A1_x(Ti1_xM1+x)05,  (where  A = K,  Rb, 
Te,  Cs;  M = Nb,Ta)480 

8.9.2  Hydrothermal  Synthesis  of  Selected  Titanates 

Titanates  have  great  technological  applications  because  of  their 
wide  range  of  structural  variations  and  the  possible  substitution  of  Ti4+  by 
various  other  cations.  Here,  instead  of  going  into  the  growth  aspects  of  all 
the  titanates,  we  discuss  only  the  alkali  titanates  and  rare  earth  titanates 
which  have  some  important  applications.  Ti02  and  alkaline  earth  titanates 
are  discussed  separately  in  Chs.  9 and  10. 

Alkali  titanates  exhibit  layered  structures,  and  the  host  cations  can 
easily  accept  the  guest  cations  giving  rise  to  a wide  range  of  nonstoichiometric 
compounds.^82!  All  these  compounds  are  very  important  owing  to  their 
ionic  conductivity  and  exchange  properties.  Usually,  the  growth  of  alkali 
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titanates  is  carried  out  by  solid  state  reactions  or  exchange  reactions,  flux 
growth,  and  melt  growth.  The  structural/stereochemical  behavior  of  the 
titanium  does  not  favor  epitaxial  methods.  Similarly,  the  melt  technique  has 
not  been  adapted  to  the  growth  of  alkali  titanates  even  though  this  is  one  of 
the  best  techniques  for  the  growth  of  various  titanoniobates.  The  most 
popular  method  for  all  the  titanates,  in  general,  to  obtain  single  crystals  is 
the  flux  method,  because  at  high  temperature  these  flux  agents  become 
highly  active  and  the  titanium  forms  various  complexes  depending  upon  the 
availability  of  other  cations  and  anions  and  undergoes  condensation. 

The  alkali  titanates  could  be  obtained  by  reacting  carbonates/ 
oxalates  of  alkali  metals  with  titanium  dioxide  (anatase)  at  higher  tempera- 
tures (usually  above  900°C  in  an  inert  atmosphere).  The  introduction  of 
fluoride  and  sometimes  boron  containing  molten  salts  leads  to  the  conden- 
sation of  the  titanium  octahedra.  Also,  the  crystallization  temperature  and 
stalling  molar  ratio  of  the  components  play  a major  role  in  the  preparation 
of  titanates  with  various  degrees  of  condensation.  Although  a large  variety 
of  alkali  titanates  have  been  obtained  in  the  series  A-,0-nTi02  (1  < n < 6), 
where  A = Li,  Na,  K,  Rb,  Cs,  Ti,  Ag,  by  by  solid  state  reactions,  the 
member  (n  = 5)  has  not  been  obtained J83H85]  Keeping  this  in  mind, 
Byrappa,  et  al.  (1997)  made  an  effort  to  obtain  this  member  ( n = 5)  of  the 
series  by  the  hydrothermal  technique J86!  An  attempt  to  obtain  a mem- 
ber (n  = 5)  by  the  hydrothermal  technique  was  successful.  The  probable 
reason  might  be  the  stabilities  of  Na9Ti307,  Na2Ti6013  and  K,Ti407  which 
are  higher  and  they  may  not  allow  the  formation  of  other  stable  phases, 
although  such  members  might  be  present  during  the  course  of  crystalliza- 
tion reactions.  Figure  8.20  shows  the  TN-diagram  of  crystallization  of 
alkali  titanates.  The  experiments  were  carried  out  using  Tuttle  cold-cone 
sealed  autoclaves  provided  with  platinum  liners.  The  stalling  materials, 
such  as  TiCL  and  NaOFl,  were  taken  in  desired  molar  proportions  and 
placed  inside  the  platinum  liner.  The  suitable  mineralizer  solution  with  a 
definite  molarity  was  added  into  the  platinum  liner  which  was  sealed  later. 
The  platinum  liner  was  later  placed  inside  an  autoclave  which  was  kept  at 
T = 500°C,  and  P = 1 kbar  for  a period  of  three  days.  Long  needle-like 
crystals  of  Na2Ti307  were  obtained.  The  crystals  were  about  5 to  8 mm 
long,  colorless,  and  transparent.  Such  good  quality  crystals  of  Na2Ti307 
have  not  been  obtained  by  the  solid  state  reactions  method;  the  resultant 
product  was  mostly  a crystalline  powder.  The  experimental  conditions  of 
the  growth  of  Na2Ti307  crystals  are  given  in  Table  8.4. 
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Figure  8.20.  TN-diagram  of  crystallization  of  alkalititanates  J77l 

Table  8.4.  Experimental  Conditions  of  the  Growth  of  Na2Ti307  Crystals 


SI.  Nutrient 
No.  composition 

T 

(°C) 

P 

(Kb) 

Duration 

(days) 

Results 

Crystal 

size(mm)  Remarks 

1.  NaOH  = 5.0g 
TiO,  = 2.5g 
3MHCOOH  = 6ml 

500 

1 

3 

Na2Ti307 

10 

Long  rod 
like  crys- 
tals 

2.  NaOH  = 0.4g 
TiO,  = 2.5g 
3MHCOOH  = 6ml 

500 

1 

3 

Na2Ti307 

4 

rod  like 
crystals 

3.  NaOH  = 5.0g 
TiO,=  2.5g 
2MHCOOH  = 6ml 

500 

1 

3 

Na2Ti307 

2 

small 

needles 

4.  NaOH  = 6.0g 
TiO,  = 2.5g 
3MHCOOH  = 6ml 

650 

1.5 

3 

Na2Ti307 

1 

fine  crystals 

5.  NaOH=  4.5  g 
Ti02=  2.5  g 
3MHCOOH  = 6ml 

650 

1 

2 

Na2Ti307  + 
Na2Ti6013 

< 1 

fine  crystals 

6.  NaOH  = 5.0  g 
Ti02=  2.5  g 
8MHCOOH=  6 ml 

500 

1 

3 

Na2Ti307 

< 1 

fine  crystals 

7.  NaOH=  5.0  g 500 

Ti02=  2.5  g 
1 1MHCOOH  = 6 ml 

1 

3 

— 

No  crystals 

( Cont’d.) 
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Table.  8.4.  (Cont’d.) 


SI.  Nutrient 
No.  composition 

T 

(°C) 

P 

(Kb) 

Duration 

(days) 

Results 

Crystal 

size(mm)  Remarks 

8.  NaOH  = 5.0  g 
Ti02=  2.5  g 
4MH2S04  = 6 ml 

550 

1 

3 

TiOS04 
+ Rutile 

0.2  - 
0.4 

fine  grained 

9.  NaOH  = 4.0  g 
TiO,=  2.5  g 
2MHN03=  6 ml 

500 

1.5 

2 

Na2Ti307 
+ Rutile 

0.3 

fine  grained 

10.  NaOH  = 6.0  g 
Ti02=  2.0  g 
3MHCOOH  = 6 ml 

300 

1 

3 1/2 

Na2Ti307 
+ Na2Ti205 
+ Rutile 

< 0.2 

fine  grained 

11.  NaOH  = 6.0  g 
Ti02=  2.5  g 
3MHCOOH  = 6 ml 

400 

1 

3 

Na2Ti307 
+ Na2Ti205 

< 0.2 

fine  grained 

12.  NaOH  = 6.0  g 
Ti02=  2.5  g 
3MHCOOH  = 6 ml 

450 

1 

4 

Na2Ti307 

0.3  - 
0.5  - 

well 

developed 

needles 

13.  NaOH  = 4.0  g 
Ti02  = 2.0  g 
H-,0=  6 ml 

400 

1 

3 

Rutile 

0.1  - 

0.2 

fine  grained 

14.  NaOH  = 5.0  g 
Ti02=  2.0g 
H20=  6 ml 

450 

1.5 

3 

Rutile 

0.1 

fine  grained 

are 


The  ideal  experimental  conditions  in  the  growth  of  Na2Ti307  crystals 
given  below: 


NaOH 

Ti02 

HCOOH 

Temperature 

Pressure 

Duration 


5.0  gms 
2.5  gms 
6 ml  (3  molar) 
600°C 
1 kb 
4 days 


In  experiments  with  high  molarity  of  HCOOH.  the  crystal  quality 
was  poor,  and  beyond  10  M HCOOH,  the  Na2Ti307  did  not  crystallize.  In 
the  present  work,  the  other  mineralizers  like  HC1,  HN03,  H2S04  and  H00 
were  tried,  but  these  experiments  did  not  yield  good  results  and  instead 
produced  either  mixed  or  other  phases.  The  crystallization  of  Na2Ti3Ov 
probably  takes  place  through  the  following  reactions: 
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Eq.  (16) 

NaOH  + HCOOH 

-4 

NaHCOOH  + H20 

Eq.  (17) 

5NaHCOO  + Ti02 

— > 

NaTi(OH)5  + 2Na20  + 5CO 

Eq.  (18) 

Na20  + HCOOH 

— > 

NaHCOOH  + NaOH 

Eq.  (19) 

5NaOH  + Ti02 

— > 

NaTi(OH)5  + 2Na,0 

Eq.  (20) 

2NaTi(OH)5  + TiQ2 

— > 

Na2Ti907  + 5H70 

The  solubility  of  Na2Ti307  was  determined  under  hydrothermal 
conditions  in  the  HCOOH  media  with  a varying  temperature  and  at  a 
constant  pressure  of  1 kb.  The  solubility  curve  is  shown  in  Fig.  8.21.  It  is 
evident  from  Fig.  8.21  that  the  hydrothermal  synthesis  of  Na9Ti307  can  be 
earned  out  within  the  temperature  range  of  350  to  600°C. 
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Figure  8.21.  The  solubility  curve  of  Na2Ti307386] 
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Besides  alkali  titanates,  tri valent  metal  titanates,  like  bismuth  titan- 
ate,  have  been  studied  in  great  detail  owing  to  their  high  dielectric  perme- 
ability. The  Bi-,03-Ti02  system  has  been  studied  widely,  and  several 
phases  like  Bi2Ti207,  Bi2Ti309,  Bi4Ti3012,  Bi8Ti014,  Bi12TiO20,  and 
Bi2Ti4Ou,  arc  obtained  under  the  varying  Bi903/Ti09  ratios  from  25:1  to 
8:1.  The  solvents  consisted  of  aqueous  KF  solutions  while  the  initial  charge 
was  a mixture  of  the  oxides  Bi203  and  TiO,.  The  experiments  were 
conducted  in  the  range  450-600°C  with  a % filling  factor  0. 5-0.8. 

Among  these  titanates,  the  Ti  sillenite,  Bi12TiO20,  was  almost 
independent  of  the  composition  of  the  initial  charge.  When  the  Ti02 
content  in  the  charge  was  more  than  5%,  Bi4Ti3012  (77.00%  Bi903  and 
20.80%  TiO-,)  began  to  crystallize  together  with  the  Ti  selenite.  As  the 
Ti02  content  of  the  charge  was  increased,  the  amount  of  Bi4Ti3012 
enhanced  and  this  compound  became  the  first  predominant  and  also  the 
only  phase  over  the  range  17-25%  Ti09.  Due  to  the  temperature  gradient 
in  the  autoclave,  the  bismuth  titanates  crystallize  in  the  upper  cooler  region. 
The  minimum  recrystallization  temperatures  (500°C)  were  characteristic 
of  the  Ti  selenite.  The  other  bismuth  titanates  required  higher  tempera- 
tures, but  sufficiently  rapid  transfer  of  all  the  compounds  synthesized 
occurred  at  550-600°C.  Figures  8.22 (a)-(c)  show  the  schematic  diagrams 
of  the  bismuth  titanate  crystals.!87]  Similarly,  Barsukova  et  al.  (1972)  have 
studied  the  system  Bi-,03-Ti02-KF-H90  under  hydrothermal  conditions 
and  a part  of  the  phase  diagram  is  shown  in  Fig.  8.23. [88] 

Muto  and  Taki  (1976)  have  synthesized  potassium  lithium 
hexatitanate  K9Li-,Ti6014  crystals  by  the  hydrothermal  technique  using 
Ti02  and  KOH  + LiOH.  The  compound  could  be  obtained  in  the  following 
molar  ratios:  Ti02:LiOH:KOH  = 1.5: 1.0:7. 5,  and  concentration  of  alkali 
10N,  filling  of  solutions  35-45%,  T>  400°C,  time  of  run  > 70  hrs.  The 
interesting  feature  is  that  potassium  lithium  hexatitanate  is  not  produced 
through  the  direct  reaction  of  lithium  ion  with  potassium  hexatitanate 
already  formed.!89] 

The  growth  of  rare  earth  titanates  has  not  been  reported  in 
literature  so  far  by  the  hydrothermal  method,  but  there  are  some  scanty 
reports  by  the  flux  method.!90] 

Titanates,  in  general,  show  interesting  physical  properties  like 
electrical,  nonlinear,  dielectric,  ferroelectric  properties.  Figure  8.24  shows 
the  Arrhenius  plot  log  cT  vs  I O VT for  Na2Ti307  crystals.!91]  The  activation 
energy  calculated  from  the  Arrhenius  plot  is  1.3  eV.  The  complex 
impedance  measurements  show  that  Na2Ti307  represents  resonance  at 
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Figure  8.22.  Schematic  diagram  of  the  bismuth  titanate  crystals,  (a)  crystal  of 
Bi4Ti3012,  (b)  plate-like  crystal  of  Bi2Ti40 , h and  (c)  primatic  crystal  of  Bi2Ti40,  , JX71 
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about  10  MHz.  With  a possible  modification  of  the  material,  it  could  be 
used  as  a dielectric  resonator  at  10  Hz. 

Nonlinear  optical  properties  of  Ti-selenite  and  Bi4Ti3012  crystals 
have  been  studied  in  detail  and  these  results  have  been  correlated  with 
other  compounds  like  Ge-and  Si-selenites  to  investigate  the  effects  associ- 
ated with  photoconductivity. 


KF 


Figure  8.23.  Part  of  the  phase  diagram  of  the  Bi203-Ti02-KF-H70  system  under 
hydrothermal  conditions. t88! 
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Figure  8.24.  Arrhenius  plot  InoT vs  I O3/'/’ for  Na2Ti307  crystals  J91 1 


8.10  HYDROTHERMAL  GROWTH  OF  LITHIUM 

METAGALLATE  CRYSTALS 

Lithium  metagallate,  LiGaO-,,  is  of  special  interest  because  of  its 
high  electromechanical  coupling  constant  and  acoustic  Q.  The  technology 
of  the  growth  of  lithium  metagallate  has  been  worked  out  in  detail  by  Kolb 
et  al.  (1971). 1921  The  LiGa02  can  be  obtained  by  the  Czochralskii  pulling 
and  flux  methods.  However,  the  flux  method  doesn’t  result  in  the  growth  of 
large  size  single  crystals,  and  also  the  preferential  loss  of  Li-,0  at  the 
melting  point  makes  it  difficult  to  control  stoichiometry  in  melt-grown 
crystals.  The  initial  hydrothermal  experiments  prompted  Marshal  and 
Laudise  (1967)  to  study  the  hydrothermal  solubility  of  LiGa02  crystals  in 
NaOH  solutions. [93]  The  experiments  have  been  earned  out  in  platinum- 
lined  Morey  type  autoclaves  using  3.5  M NaOH  at  T = 360-425°C,  AT  = 
5-40°C,  percent  fill  0.7  to  0.8.  Czochralskii  grown  crystals  have  been  used 
as  seed.  The  trial  experiments  at  T=  400°C  and  AT  = 25°C,  percent  fill  0.7, 
show  that  under  these  conditions  the  seed  melts.  The  LiGa02  nutrient  was 
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hydrothermally  synthesized  by  reacting  5M  LiOH  and  2.5  M Ga203  in  a 
short  platinum  autoclave  for  10  days  at  the  dissolving  temperature  of 
390°C,  360°C  growth  temperature  and  76%  fill.  In  addition,  the  nutrient 
was  made  by  melting  Li2C03  and  Ga203  as  a part  of  Czochralskii-grown 
crystals  or  from  hydrothermal  crystals  with  a diamond-impregnated  wire 
saw.  Growth  rates  have  been  measured  by  determining  the  increase  in 
seed  thickness  upon  the  completion  of  the  experimental  run.  Figure  8.25 
shows  the  habit  of  typical  hydrothermal  LiGa02  crystals  (a)  grown  on  a 
spurious  seed,  (b)  grown  on  (010)  seed. 

The  perfection  of  hydrothermally  grown  LiGa02  was  excellent  as 
evidenced  by  the  absence  of  electrical  twinning.  The  material  grown  in 
(001)  is  virtually  free  of  (OF1). 


Figure  8.25.  Habit  of  typical  hydrothermal  LiGaO,  crystals  (a)  grown  on  a 
spurious  seed,  (b)  grown  on  (010)  seed!93! 
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8.11  HYDROTHERMAL  SYNTHESIS  OF  SULPHIDES 

The  hydrothermal  technique  has  been  popularly  used  for  the 
synthesis  of  sulphides  for  the  past  several  decades.  The  main  advantage  of 
this  technique  is  the  production  of  fairly  large  size  single  crystals  of 
sulphides.  From  the  literature  survey,  it  is  evident  that  sulphides  are  next 
only  to  silicates  and  oxides.  Similarly,  in  nature  also,  sulphides  are  one  of 
the  most  abundant  minerals  whose  origin  is  closely  related  to  hydrother- 
mal— high  pressure  and  temperature.  The  experimental  studies  on  the 
growth  of  sulphides  have  shown  that  their  crystallization  can  occur  within  a 
large  variety  of  solutions  and  also  strong  acid.  Thus,  the  study  on  the 
synthesis  of  sulphide  began  in  the  19th  century;  however,  a systematic 
study  began  after  the  discovery  of  their  technological  potential,  especially 
as  photo  semiconductors  and  piezoelectric  properties.  Sulphides  can  be 
divided  as  simple  or  complex,  containing  a wide  range  of  elements  (uni-,  di- 
, tri-,  and  tetravalent  metals). 

The  easiest  way  of  obtaining  sulphides  under  hydrothermal  condi- 
tions is  through  the  following  reactions: 

Eq.  (21)  Me  + XS"2  + 2H20(MeSx  + 20H"  + H2) 

However,  the  presence  of  hydrogen  hinders  the  sulphides  formation  reac- 
tion and  hence,  the  following  reaction  would  be  more  practical: 

Eq.  (22)  MeS04  + Na2Sr  — >MeS  + Na9S04 

By  this  exchange  reaction  one  can  obtain  a variety  of  sulphides  with  100% 
output  J94H97]  Latimer  (1954)  has  observed  that  the  monophase  synthesis 
usually  occurs  through  hydrolysis  and  oxidation  of  the  nutrient  with  the 
formation  of  sulphates;!98! 

Eq.  (23)  S-2  + 4H20  S04  4 + 4H2T 

i.e.,  with  a raise  in  partial  pressure  of  hydrogen,  the  sulphate  ion  becomes 
unstable  leading  to  the  process  of  hydrolysis: 

Eq.  (24)  MeS  + 5H20  MeO  + S044  + 5H20 

Eq.  (25)  Me2S3  + 7H20  <-»  Me203  + S044  + 7H2+2S 

The  hydrolysis  reaction  usually  takes  place  at  pH  >7.[98l 
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8.11.1  Hydrothermal  Synthesis  of  Sulphides  of  Univalent  Metals 

Simple  sulphides  of  univalent  metals,  like  silver  and  copper,  with 
100%  output,  could  be  obtained  in  chloride  solutions  (1-7  wt%)  and  lower 
partial  pressure  of  hydrogen  at  T = 400-500°C  and  P = 1000-1500  atm. 
The  growth  is  usually  carried  out  in  titanium-lined  autoclaves  with  a 
temperature  gradient  (40-60°C).  For  the  monophase  synthesis  of  the 
above  compounds,  the  surplus  amount  of  the  nutrient  is  taken.  The  Cu,S  is 
abundant  in  nature  as  chalcogenides.  The  other  univalent  metal  sulphides 
are  not  common  in  the  literature. 

8.11.2  Hydrothermal  Synthesis  of  Divalent  Metal  Sulphides 

Divalent  metal  sulphides  form  the  largest  group  of  sulphides 
obtained  by  the  hydrothermal  technique.  A large  number  of  sulphides 
like  ZnS,  CdS,  HgS,  PbS,  MnS,  FeS,  Fe3S4,  NiS,  CoS,  CuS,  and  so  on, 
have  been  obtained  within  a wide  range  of  pH. t94]197][99]  Kuznetsov 
(1990)  has  studied  the  solubility  and  stability  fields  of  these  sulphides 
under  hydrothermal  conditions  in  detail.!"!  Figure  8.26  shows  the 
solubility  of  HgS,  ZnS,  CdS  in  KOH  and  NaOH  solutions. !"H101] 

In  all  cases  the  dependencies  are  nonlinear.  This  means  that  the 
composition  of  complexes  is  changed  with  an  increase  in  the  solvent 
concentration.  The  analysis  of  above  dependencies  allows  the  inference  of 
the  reactions  responsible  for  the  dissolution  of  HgS,  ZnS  and  ZnSe,  at 
different  solvent  concentrations: 


Eq.  (26) 

HgS  + HS-  HgS  (HS)“ 

^NaHS  < 

Eq.  (27) 

HgS  + 2HS-  HgS  (HS)2-2 

^NaHS  > 

Eq.  (28) 

ZnS  + OH-  Zn  (S,OH)- 

Ckoh- 

Eq.  (29) 

ZnS+3(OH)_  + H20  ->  Zn  (OH)2  4+  HS" 

(-'KOH> 

Eq.  (30) 

ZnSe  + H20  Zn(H,Se)  OH° 

^'KOH<  0’  1M 

Eq.  (31)  ZnSe  + H20  + OH- ->  Zn(H,Se)  (OH)2-  0.1  m<CKOH<0.5  M 

Eq.  (32)  ZnSe  + H20  + 2(OH)  ->  Zn(H,Se)  (OH)32-  CKOH  > 0.5  M 
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Figures  8.26.  Solubility  of  HgS,  ZnS,  CdS  in  KOH  and  NaOH  solutions. '"1 
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It  can  be  concluded  that  the  dissolution  of  HgS  (in  HgS-NaHS- 
H90  system)  is  described  by  reactions,  just  as  ZnS  (in  ZnS-K0H-H90 
system)  is  dissolved  by  reaction  at  a low  solvent  concentration  and  reaction 
at  a higher  one.  As  a result,  the  transfer  of  HgS  and  ZnS  (in  low 
concentrated  solutions)  takes  place  in  the  form  of  heterocomplexes,  and 
ZnS  is  transferred  in  higher  concentration  solutions  by  the  separated  ions 
(Zn(OH)2  4 and  HS).  These  differences  are  displayed  in  the  kinetics  of 
crystal  growth.  Figures  8.27 (a)  and  (b)  give  examples  of  the  growth  rate 
of  HgS  and  ZnS  and  its  dependence  on  the  solvent  concentration.1 10211 1(,3| 
From  Fig.  8.27 (b),  one  can  see  that  VnH)  of  ZnS  hardly  depends  on  the 
solvent  concentration  and  remains  practically  unchanged  at  CK0H  > 20 
wt%.  The  solubility  of  ZnS  under  such  conditions  comes  up  to  ~ 1.5  wt%. 
The  authors  associate  the  unusual  situation  of  ZnS  growth  with  the  above 
specific  complex  formation  in  the  system  ZnS-K0H-H20. 


Figure  8.27.  Growth  rate  of  HgSd  and  ZnS  and  its  dependence  on  the  solvent 
concentration. 1 1 021  [ 1 03  J 


The  interaction  of  the  sulphides  with  the  aqueous  solutions  can  be 
accompanied  by  their  hydrolysis  and  redox  reactions.  In  an  effort  to 
estimate  the  stability  of  the  above  sulphides  under  hydrothermal  conditions, 
Kuznetsov  (1990)  has  constructed  the  theoretical  diagrams  for  Zn-S-H20, 
Cd-S-H90,  Pb-S-H90,  Zn-Se-H90,  Hg-S-H90  systems  with  the  Eh-pH 
coordinates  at  high  temperatures. [99]  In  Fig.  8.28  the  upper  lines  limiting  the 
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stability  fields  of  CdS,  correspond  to  the  equilibria  of  these  compounds 
with  the  solutions  containing  the  oxidized  sulphur;  the  lowest  lines  corre- 
spond to  their  equilibria  with  the  solutions,  enriched  by  the  reduced  forms 
of  the  sulphur. 


Figure  8.28.  Stability  fields  ofCdSd"! 


CdS  and  ZnS  are  stable  in  a wide  range  of  Eh-pH  values  (from 
acid  to  the  most  alkaline  solutions).  The  fields  of  the  metallic  Cd  and  Zn  are 
located  outside  the  stability  field  of  water,  therefore,  the  “decomposition” 
reaction  of  CdS,  ZnSe,  ZnS  can  not  take  place  during  the  usual  hydrother- 
mal experiments.  Another  situation  characterizes  the  Pb-S-H20  system. 
Unlike  the  above  sulphides,  lead  sulphide  is  unstable  at  high  temperatures 
in  alkaline  solutions  and  the  fields  of  metallic  lead  appear  both  at  low  and 
high  redox  potentials. 

Among  the  considered  compounds,  mercury  sulphide  has  the  most 
narrow  field  of  stability  at  elevated  temperatures  which  lies  inside  the 
water  stability  field.  Moreover,  the  field  of  HgS  is  surrounded  by  metallic 
mercury.  It  means  that  the  insignificant  changing  of  redox  potential  in  the 
solution  can  result  in  the  “decomposition”  of  HgS. 
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As  noted  above,  the  differences  in  the  stability  of  CdS  and  ZnS  on 
the  one  hand,  and  PbS  and  HgS  on  the  other  hand,  are  very  important  for 
choosing  the  growth  conditions  of  these  substances.  It  is  evident  that  the 
stability  of  CdS  and  ZnS  in  a wide  range  of  Eh  and  pH  magnitudes  gives 
the  possibility  to  use  various  media  for  its  crystallization.  In  the  case  of  lead 
sulphide,  the  growth  of  crystals  in  alkaline  solutions  is  only  possible  in 
certain  interval  of  Eh  values.  The  narrow  field  of  stability  of  mercury 
sulphide  makes  great  demands  on  growth  conditions. 

The  growth  of  CdS  crystals  was  realized  in  acid  (H3P04),  chlorine 
(NH4C1),  and  alkaline  (KOH,  NaOH)  solutions.  In  acid  and  chloride 
solutions  (H3P04  = 10-30  wt%,  NH4C1  = 1-25  wt%),  very  intensive 
transfer  of  CdS  takes  place  at  temperatures  above  400°C  and  spontaneous 
crystals  of  about  3-5  mm  in  size  were  grown  J10i  I In  alkaline  solution,  the 
intensive  transfer  of  the  sulphide  was  observed  at  higher  temperatures 
(480-500°C),  but  at  lower  temperatures  partial  hydrolysis  takes  place.  At 
500°C  and  KOH,  NaOH  concentrations  of  30-50  wt%,  spontaneous  CdS 
crystals  reached  10-20  x 0.5-1.0  mm  in  size. 

The  intensity  of  hydrolysis  of  the  sulphides  is  distinctly  inversely 
proportional  to  their  crystallization.  Thus,  in  KOH  solutions,  crystallization 
of  CdS  takes  place  stably  only  at  500°C,  and  hydrolysis  is  largely  sup- 
pressed above  500°C.  At  530-535°C,  a most  intense  transfer  of  the 
substance  from  the  lower  to  the  upper  zone  of  the  autoclave  was  observed, 
and  circular  CdS  crystals  up  to  8-10  mm  long  are  readily  formed. 

In  NaOH  solutions,  owing  to  the  weaker  hydrolysis  of  CdS  and 
PbS,  their  crystallization  takes  place  more  intensely  and  at  lower  tempera- 
tures than  in  KOH  solutions.  Transfer  of  considerable  amounts  of  sub- 
stance takes  place,  even  at  400-450°C.  However,  as  in  the  case  of  KOH 
solutions,  maximum  transfer  of  the  substance  was  observed  at  500-535°C, 
when  sulphide  hydrolysis  in  NaOH  was  practically  absent. 

The  properties  of  crystals  obtained  in  alkaline  and  acid  solutions 
strongly  differ.  The  hydrothermal  method  is  the  only  technique  to  obtain 
large-size  single-crystal  cinnabar,  HgS.  Toudic  et  al.  (1972)  obtained  large- 
size  HgS  crystals  using  Na2S  solutions  at  265°C,  considerably  below  the 
temperature  of  the  a — > /3  -HgS  transition  (344°C).1 1041  These  authors  have 
found  that,  at  temperatures  above  200°C,  cinnabar  is  unstable  in  solutions 
with  the  high  pH  values  characteristic  of  Na2S,  hence,  it  is  desirable  to 
crystallize  HgS  from  weak  alkaline  solutions  with  lower  pH  values  in  which 
the  cinnabar  is  more  stable. 
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The  experiments  have  been  carried  out  in  autoclaves  provided 
with  teflon  liners.  The  pressure  in  these  experiments  maintained  between 
100-200  atm,  and  temperature  230-265°C.  The  pH  is  usually  maintained 
at  9-13,  AT  = 28-40°C.  The  crystals  are  usually  prismatic  and  often 
needle-like.  The  growth  rate  is  nearly  0. 1 mm/day  in  the  pinnacoidal  face 
and  less  than  0.02  mm/day  on  the  prism  face.  Kuznetsov  et  al.  (1982)  have 
studied  in  detail  the  morphological  aspects  of  HgS  with  reference  to  the 
growth  conditions. 11071 

The  sphalerite  ZnS  crystals  grown  by  different  methods  differ 
from  one  another  with  reference  to  the  different  concentration  and,  in  this 
respect,  the  hydrothermal  sphalerites  are  more  perfect.  The  growth  of  ZnS 
has  been  carried  out  with  varying  parameters,  like  temperature,  the  solvent 
composition,  and  pH.  The  experiments  are  carried  out  in  autoclaves 
provided  with  platinum  linings  in  KOH  solutions  and  the  growth  tempera- 
ture varies  from  355-400°C;  however,  the  saphalerite  crystals  of  lowest 
degree  of  perfection  are  grown  under  hydrothermal  condition  at  high 
temperature  (~400°C,  Fig.  8.29).  Bryatov  and  Kuzmina  (1961)  and 
Ikornikova  (1975)  have  studied  the  hydrothermal  growth  of  ZnS  crystals  in 
acidic  chloride  solutions.1105111061  When  25  wt%  ammonium  chloride  aque- 
ous solution  was  used  in  the  experiments,  intensive  recrystallization  of 
sphalerite  takes  place  at  400°C  and  AT  = 2°C.  Mininzon  et  al.  (1974)  have 
studied  in  detail  the  solubility  of  sphalerite  in  phosphoric  acid  solutions  and 
the  morphology  of  the  crystals.  It  is  interesting  to  note  that  the  solubility  of 
sphalerite  is  highest  in  phosphoric  acid  solutions.!107] 


Figure  8.29.  Spahalerite  crystals  grown  under  hydrothermal  conditions.1"] 

Greigite,  Fe3S4,  has  been  synthesized  under  hydrothermal  condi- 
tions using  Na,S  solution.11081  Mohr’s  salt  solution  is  mixed  with  Na,S 
solution  at  room  temperature,  black  particles  of  iron  sulphide  precipitates. 
When  they  are  heated  together  with  the  mother  solution  in  a vessel,  greigite 
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(Fe3S4,  cubic)  forms.  The  optimum  heating  temperature  for  preparing 
greigite  depends  on  the  pH  of  the  solution;  it  is  about  180°C  for  a solution 
with  pH  9 and  lowers  to  80°C  with  a decrease  in  pH.  Above  these 
temperatures,  greigite  particles  disappear  by  decomposition  and  alterna- 
tively, pyrrhotite  (Fc,-XS|  hexagonal)  or  pyrite  (FeS2,  cubic)  forms,  de- 
pending on  the  pH  of  the  solution. 

8.11.3  Hydrothermal  Synthesis  of  Complex  Sulphides 

The  complex  sulphides  include  compounds  containing  multiple 
cations.  The  difficulties  in  obtaining  these  complex  sulphides  are  connected 
to  the  existence  of  a large  number  of  stable  phases  in  these  systems; 
hence,  the  earliest  hydrothermal  experiments  usually  do  not  cover  these 
complex  sulphides.  However,  in  the  last  few  decades  much  work  has  been 
done  on  the  synthesis  of  these  natural  analogs  of  complex  sulphides. F°9] 
For  obtaining  these  complex  sulphides  with  100%  output,  synthesis  through 
ion  exchange  reactions  is  the  most  useful  technique.  The  more  complex  the 
cationic  composition,  the  more  difficult  it  is  to  fix  the  stoichiometry  of  the 
nutrient  material.  Under  such  circumstances,  the  trial  and  error  experi- 
ments are  more  useful. 

8.11.4  Hydrothermal  Synthesis  of  Chalcohalides 

The  chalcohalides  include  very  complex  inorganic  compounds  in 
which  the  sulphide  and  halogenides  simultaneously  go  as  anions  in  their 
composition.  The  interest  in  these  compounds  is  connected  to  the 
photosemiconductor  and  piezoelectric  properties.  Hydrothermal  synthesis 
of  chalcohalides  of  type  ABC,  where  A = Sb,  Bi;  B = S,  Se,  Te;  C = Br,  I, 
have  been  earned  out  by  several  authors. [H0]-[ii3]  The  principal  experi- 
mental difficulty  arising  while  studying  the  conditions  of  synthesis  of  the 
ternary  chalcohalides  Av  BV1  CV11  under  hydrothermal  conditions  lies  in 
creating  conditions  that  would  eliminate  the  possibility  of  oxidation  or,  in 
other  words,  it  is  essential  that  the  original  components  would  have  the 
valence  state  A3+  B2_  C1_  in  the  solution.  However,  a specific  value  of  the 
redox  potential  is  merely  necessary,  not  a sufficient  condition  for  the 
synthesis  of  Av  BV1  Cvu.  The  probability  of  the  formation  of  any  of  these 
compounds  will  be  determined  by  the  concentration  of  the  original  compo- 
nents as  well  as  the  pH  of  the  medium,  and  the  presence  of  a halogen. 
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Eq.  (33) 

Sb  + 4HI  — > [SbT4]  + 2H2  t 

Eq.  (34) 

2 [SbT4]  + 4[H2S]  ->  [Sb2I2(H2S)4  _4]  + 61 

’pH  <6 

Eq.  (35) 

[Sb2I2(H2S)4  _4]  2SbSI  + 2H2S  + 2H2T 

* 

Eq.  (36) 

Sb  + 4HI  ->  [SbT4]  + 2H2T 

Eq.  (37) 

[SbI-4]  + 2[HS‘]  ->  [SbS  J + 21  + 2HI 

'pH  = 7-10 

Eq.  (38) 

Sb  + 2[HS']  [SbS-2]  + H2T 

t 

Eq.  (39) 

2[SbS"2]  + 4[HS']  ->  2Sb2S3  + 2H2St 

Eq.  (40) 

Sb  + 2[HS“]  ->  [SbS"2]  + H2T 

Eq.  (41) 

2[SbS"2]  + 4[HS‘]  ->  2Sb2S3  + 2H2St 

>pH>  10 

Eq.  (42) 

2[SbSJ  + [S2-]  Sb2S3  + 2S 

4 

Hence,  SbSI  will  chiefly  be  formed  in  solutions  with  pH  < 7.  The 
range  of  formation  of  SbSI  in  solutions  with  low  pH  values  may  be 
associated  with  the  stability  of  a hypothetical  complex  of  the 
[Sb2I2(H2S)44]  type,  which  may  be  formed  as  a result  of  an  interaction 
between  the  two  genuinely  existing  complexes.  The  [SbS2~]  is  well-known 
to  be  a stable  ion  interacting  with  other  sulphide  complexes;  it  necessarily 
leads  to  the  formation  of  Sb2S3.  Popolitov  and  Plakhov  (1990)  have 
synthesized  Pb5S0I6  single  crystals  in  the  system  Pb-S-I-R-H20  (R  = 
solvent)  under  hydrothermal  conditions  J1 121  The  experiments  were  c aided 
out  in  teflon  lined  autoclaves  at  200-300°C  with  a temperature  gradient  of 
0.6-1.8°C/cm.  Figure  8.30  shows  a photograph  of  Pb5S2I6  single  crys- 
tals.!112] Note  that  Pb5S0I6  belongs  to  the  monoclinic  system  and  the  phase 
transition  occurs  at  290  ±5°C.  Rabenau  and  Rau  (1969)  have  reported 
the  growth  of  Pb7SiBr10  single  crystals.!1131  The  typical  experimental 
conditions  are  T = 300-450°C,  liquid  S pressure  (2.02-20.2)  107  Pa,  AT = 
0.4-1. 6°/cm.  Elemental  Pb  and  S,  liquid  Bn,,  PbBr„  and  PbS,  in  various 
molar  ratios  were  used  as  starting  materials. 
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Figure  8.30.  Photograph  of  Pb5S2I6  single  crystals.1 1 l2i 


The  method  of  producing  arsenic  and  bismuth  sulphohalides  dif- 
fers very  little  from  that  producing  the  corresponding  antimony  sulphohalides. 
Above  200°C,  the  arsenic  varieties  are  characterized  by  the  “igneous” 
melting  of  the  charge  as  a result  of  which  a reddish-brown  viscous  liquid  is 
formed.  In  experiments  at  about  300°C,  the  liquid  turns  into  a vitreous 
mass  on  cooling  and  this  is  amorphous  with  reference  to  x-rays.  The 
important  chalcohalides  obtained  by  the  hydrothermal  technique  are  SbSI, 
SIAs,  and  BiSI. 


8.12  HYDROTHERMAL  SYNTHESIS  OF  SELENIDES, 

TELLURIDES,  NIOBATES  AND  TANTALATES 

Selenides  and  tellurides  are  popularly  grown  by  two  methods:  melt 
and  hydrothermal.  Although  the  melt  method  has  been  used  as  the  main 
one  for  preparing  single  crystals  of  selenides  and  tellurides,  some  of 
these  belong  to  the  group  of  minerals  which  have  been  deposited  in  nature 
under  hydrothermal  conditions.  Among  the  selenides  and  tellurides, 
HgSe,  ZnSe,  CdSe,  HgTe,  ZnTe,  CdTe,  FeTe2,  FeSe2,  NiSe2,  NiTe2, 
CoSe2,  CoTe,  Sb2Se,  Bi-,Se3,  Bi-,Te3,  and  Sb2Te3,  are  the  most  popular 
ones.1"11 1 l5" 1 17  Their  stability  range,  within  a wide  interval  of  pH  and  Eh 
values,  allows  one  to  use  various  solutions  for  crystallization  and  to 
investigate  the  influence  of  physicochemical  conditions  on  the  properties  of 
crystals.  In  fact,  several  solutions  have  been  proposed,  and  the  most 
commonly  used  ones  are  the  alkaline  solutions  (5M  NaOH,  for  ZnSe,  1M 
NaOH  or  KOH  for  ZnTe,  and  20M  NaOH  or  KOH  for  CdSe  and  CdTe). 
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Polycrystallization  HgSe  and  HgTe  or  elements  in  stoichiometric  propor- 
tions are  used  as  the  stalling  materials.  The  temperature  of  growth  is  350- 
380°C,  P = 1000  to  2000  atm.1 1 181  Several  experiments  have  been  carried 
out  in  acid  media  (HC1  and  HBr)  in  vitreous  silica  ampoules.  Rau  and 
Rabenau  (1967)  have  used  C02  pressure  balance  gas  by  pumping  CO, 
from  a cylinder  with  a high-pressure  intensifier  into  the  autoclave  at  room 
temperature. [118]  In  seeded  growth,  the  temperature  gradient  was  usually 
25°C.  Figure  8.31  shows  the  morphology  of  ZnSe  in  NaOFI  and  LiOFI 
solutions.  The  chemical  reactions  responsible  for  the  crystallization  of 
FIgSe  and  FlgTe,  for  example,  can  be  written  as  follows: 

Eq.  (43)  HgSe  + 2HC1  -»  H2Se  + HgC  12 

Eq.  (44)  HgTe  + 2HC1  -»  H2Te  + HgCl2 

Table  8.5  gives  the  optimum  conditions  for  the  crystallization  of 
HgSe  and  HgTe. 
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Figure  8.31.  Morphology  of  ZnSe  in  NaOH  and  LIOH  solutions.1112! 
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Table  8.5.  Optimum  Experimental  Conditions  of  Crystallization  of  HgSe 
and  HgTc1 1 121 


T 

(°C) 

AT 

(°C) 

Fill 

(%) 

Experimental 

duration 

(days) 

HC1 

Concentration 

(M) 

Transport 
of  nutrient 

(%) 

300 

100 

82.92 

7 

12 

64 

316 

78 

82.92 

10 

12 

82 

318 

82 

83.34 

12 

12 

100 

300 

50 

85.3 

6 

12 

22.5 

350 

50 

80.43 

6 

12 

29 

In  the  hydrothermal  synthesis  of  FeTe2,  FeSe2,  NiSe2,  NiTe2, 
CoSe2,  and  CoTe2  crystals,  Na2Se  and  Na2Te  are  used  as  the  nutrient 
materials.  The  synthesis  of  diselenide  and  ditelluride  of  Ni  and  Co  is 
carried  out  in  quartz  ampoules,  whereas  the  synthesis  of  diselenide  and 
ditelluride  of  iron  is  carried  out  in  titanium  ampoules  or  liners. 

The  physical  properties  of  these  hydrothermal  selenides  and  tellu- 
rides  are  much  superior  as  they  are  grown  in  the  controlled  atmosphere. 

The  hydrothermal  growth  of  niobates  and  tantalates  began  during 
the  1960s,  at  the  time  when  the  hydrothermal  synthesis  of  inorganic 
compounds  without  natural  analogs  was  extremely  popular.  The  interest  in 
niobates  and  tantalates  is  connected  to  their  excellent  ferroelectric  and 
piezoelectric  properties.  In  fact,  the  hydrothermal  method  is  the  only 
perspective  method  of  obtaining  the  monocrystals  of  niobates  and  tanta- 
lates. Compared  to  the  majority  of  the  inorganic  compounds,  these  materi- 
als have  very  low  solubility.  In  aqueous  solutions,  both  the  elements  form 
the  polymeric  oxyanions  of  type  [H2Nb6019]6~,  [HNb6019]7",  [Nb6019]8_, 
[Ta6019]6',  etc.,  however,  most  of  these  polymeric  oxyanions  are  not  stable 
and,  with  the  variation  in  pH  and  with  an  increase  in  the  growth  tempera- 
ture, they  form  hydrated  pentoxides.  These  complexes  are  readily  soluble 
in  strong  hydrofluoric  acid  or  strong  alkaline  solutions. [119][1201  In  weak 
acidic  solutions,  the  formation  of  anions  like  [NbOF6]3"  and  [TaOFg]3'  takes 
place,  so  that  the  synthesis  of  niobates  and  tantalates  is  possible,  always 
within  limited  and  narrow  boundaries;  thus,  the  synthesis  of  these 
compounds  is  always  a challenging  one.  Marshall  and  Laudise  (1967) 
have  studied  the  systems  K20-Ta-,05-H00  and  K20-Nb205-H00  at  400°C 
and  ~ 560  atm.[120  Mixed  crystals  of  K(Ta,  Nb)03  have  been  grown  on  a 
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seed  crystal.  The  rates  of  growth  of  the  face  reached  0.25  mm/day  in  15  M 
KOH  at  650°C,  AT  = 40°C,  and  -1100  atm  J,0°1  K(Ta,  Nb)03  crystals  with 
dimensions  of  up  to  1 cm  were  grown.  Rare  earth  orthotantalates,  LnTa04 
(Ln  = La-Lu)  have  been  obtained  at  T=  1500°C,  P = 8 x 109  Pa.  These  are 
the  high  temperature  and  pressure  compounds  and  exhibit  intense  polymor- 

phismJ122Hi24] 

The  discovery  of  piezo-  and  feiToelectric  properties  in  the  natural 
mineral  stibiotantalite  generated  a great  interest  in  obtaining  a series  of 
synthetic  monocrystals  of  the  group  AB04,  where  A = Sb,  Bi;  B = Nb,  Ta, 
Sb5+.  Their  structures  are  made  up  of  weakly  formed  oxygen  octahedra 
and,  in  the  middle  of  these  octahedra,  the  cations  A and  B are  located. 
These  crystals  can  be  obtained  essentially  by  the  hydrothermal  technique. 
Although,  some  attempts  have  been  made  to  obtain  these  crystals  by  other 
techniques  like  flux  and  melt,  good  quality  crystals  are  obtained  only  by  the 
hydrothermal  technique. 

The  hydrothermal  growth  technology  for  AB04  crystals  has  been 
worked  out  in  great  detail  by  Popolitov.  Usually,  alakaline  solutions  like 
MOH,  MF,  MHF0,  or  FRO,  (where  M = Li,  Na,  K,  Rb,  Cs)  are  used  as 
mineralizers  in  the  hydrothermal  growth  of  these  crystals.  The  growth  of 
these  compounds  is  carried  out  in  the  systems  AjC^-BoC^-R-FLO  and 
AB04-R-FL0  (where  R = LiF,  NaF,  KF,  RbF,  CsF).  The  crystallization 
depends  upon  the  growth  temperature,  temperature  gradient,  type  and 
concentration  of  alkali  solutions,  ratio  of  the  nutrient  components,  and  a 
series  of  other  parameters. 

According  to  the  authors,  Nb0O5  or  Ta0Os  exists  in  the  alkaline 
solutions  as  hydroxyl  complexes  like  [ Nb6(OH j38|X_  or  [Ta6(OFf)38]8  J125l 
They  have  the  following  structural  form: 


The  bonding  between  the  individual  atoms  of  metals  in  such  a 
structure  is  obtained  through  OFI-bridging  which  is  necessary  for  the 
formation  of  the  polymerized  solutions.  The  entire  Nb  or  Ta  is  bonded  in 
the  above  form  to  develop  SbNb04  or  SbTa04. 
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The  composition  of  these  single  crystals  shows  that  under  distinct 
concentrations  of  aqueous  solutions  KF,  RbF,  CsF,  there  occurs  the 
breaking  of  valent  bonds  Nb(Ta)F7.  These  complexes,  in  turn,  combine 
with  the  alkali  cations  to  form  Me9Nb(Ta)F7.  The  thermal  hydration  is 
different  for  different  salts.  MeF  and  the  aqueous  solutions  of  KF,  RbF, 
and  CsF,  consisting  of  larger  cations,  are  less  hydrated.  Under  higher 
concentration  of  aqueous  solutions  of  (K,  Rb,  Cs)F,  the  activity  of  the  free 
ions  of  F is  so  high  that  it  forms  valent  bond  with  Nb(Ta)-0,  resulting  in  the 
formation  of  Me9Nb(Ta)F7.  These  studies  show  that  the  ability  to  dissolve 
the  Nb705  or  Ta905  and  Sb,03  increases  as  follows:  LiF  — > NaF  — » CsF 
— > RbF  — > KF;  therefore,  the  crystallization  of  AB04  crystals  depends 
upon  the  solvent-solute  interaction  under  hydrothermal  conditions. 

When  C03  or  C904  is  introduced,  in  the  form  of  potassium 
carbonate  and  potassium  oxalate,  into  the  mineralizer  solutions  (aqueous 
solutions)  it  was  found  that  the  formation  of  Nb(Ta)F7  becomes  very 
simple  and  effective  because  the  anions  C03  and  C904,  with  their  larger 
size,  strongly  polarize  the  Nb(Ta)  in  the  solution.  It  can  be  explained 
through  the  following  reactions: 

Eq.  (45)  Nb205  + 15KF  + 7H20  ->  2(NbF7)2"  + 15K+  + 120H’  + 2H+  + F 

Eq.  (46)  2[NbF7]2-  + 5[C03P  + H,0  ->  Nb2(C03)5  + OH"  + H+  + 14P 

Eq.  (47)  Nb2(C03)5  — » Nb205  (solution)  + 5C02 

When  KFIF2  mineralizer  (5  wt%)  was  used  at  T = 530°C  and  AT  = 40°C, 
good  single  crystals  of  AB04  could  be  obtained.  An  increase  in  the 
concentration  of  KHF2  in  the  system  and  change  in  the  molar  ratio  of 
Sb703/Nb905  lead  to  the  crystallization  of  intermediatory  phases  like 
K9SbNb5015.  The  hydrogen  peroxide  fulfills  the  following  function:  it 
increases  the  oxidation  potential  in  the  given  system,  it  stabilizes  the  soluble 
form  of  Nb5+,  and  leads  to  the  transition  of  less  soluble  Nb905  in  the 
solution,  consequently,  the  formation  of  peroxide  complexes  takes  placed126! 

The  growth  of  BiNb04  has  been  earned  out  in  the  system  Bi703- 
Nb205-H20  using  solvents  like  KHF2  and  FE09.  Figure  8.32(a)  shows  the 
growth  temperature  dependence  of  the  crystal  output  of  BiNb04  and  Fig. 
8.32 (b)  shows  the  NC-diagram  of  fields  of  crystallization.  The  hydrother- 
mal crystallization  of  the  AB04  crystals  can  be  earned  out  in  an  acidic 
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media,  for  example,  in  the  system  A203-B205-H,S04-H2S04-H202-H20 
within  a wide  range  of  concentrations  of  aqueous  solutions  and  sulphuric 
acid  [CH  so  = 10-15  wt%,  CH  0 = 5-6  wt%]  and  the  volume  ratio 
Vh2so4^h2o  = 2.5:1  A1-7! 


(a) 


(b) 


Figure  8.32.  (a)  Dependence  of  the  growth  temperature  and  crystal  output  of 
BiNb04;  and (b)  the  NC-diagram  of  fields  of  crystallization  of  BiNh04.1 1 27 H 128 1 


There  are  several  publications  on  the  hydrothermal  growth  of  Bi  and 
Sb  niobates,  and  tantalates.  These  compounds  strongly  decompose  at  higher 
temperatures  and,  hence,  the  flux  or  melt  techniques  are  not  suitable  to  grow 
these  compounds;  and  obviously,  the  hydrothermal  method  was  found  to  be 
the  most  suitable  one.[128H1301  The  synthesis  is  carried  out  in  two  types  of 
solvents:  (i)  in  aqueous  solutions  of  alkali  metals,  LiOH,  NaOH,  and  KOH, 
( ii ) in  aqueous  solutions  of  alkali  fluorides,  Li  to  Cs.  The  autoclaves  used  for 
the  synthesis  of  these  bismuth  and  antimony  niobates  and  tantalates  are 
provided  with  copper,  silver  or  titanium  linings.  The  growth  takes  place  at  T 
= 450-650°C,  andAT  = 15-30°C.  The  nutrient  materials  are  the  mixtures  of 
Sb203  and  Nb205  (Ta205).  The  analysis  of  the  products  of  hydrothermal 
reaction  shows  that  the  alkali  solutions  bring  in  the  reaction  2MeOH  + Sb203  + 
2Nb205  ->  2SbNb04  i + 2Me  Nb03  4 + H20. 
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Synthesis  in  strong  fluoride  solutions  KF,  RbF,  and  CsF  increases 
the  growth  rate,  however,  further  increase  in  the  concentration  of  F leads 
to  the  formation  of  fluoroniobates  and  fluorotantalates  of  alkali  metals: 
Me,,NbF7  and  Me2TaF7.  Obviously,  such  concentrated  solutions  do  not 
give  100%  niobates  and  tantalates  of  Bi  and  Sb.  It  has  been  found  that  in 
aqueous  solution  of  KHF„  even  the  formation  of  complex  niobate  K,SbNb2015 
takes  place. 

Thus,  the  hydrothermal  method  is  a most  valuable  tool  for  the 
synthesis  of  a variety  of  simple  and  complex  niobates  and  tantalates. 
However,  a complete  understanding  of  the  growth  technology  for  these 
compounds  insists  on  systematic  investigations  of  various  aspects  of  the 
growth  parameters,  like  temperature,  pressure,  pH,  type  of  nutrient,  and 
solvent. 


8.13  HYDROTHERMAL  SYNTHESIS  OF  ARSENATES 

Arsenates  are  closer  to  phosphates  and  vanadates  in  their 
mineralogy  and  crystal  chemistry.  There  are  several  arsenate  minerals 
occurring  in  nature,  like  mimetite,  (PbCl)  Pb4  (As04)3,  tilasite  (MgF) 
CaAs04;  adelite  [(MgOH)CaAs04],  sarkinite  [(MnOH)  MnAsOJ, 
olivenite  [Cu0(OH)  As04],  adamite  [Zn2(0H)As04],  clinoclasite 
(6Cu0-As-,03-3H90),  soselite  (Ca,Co,Mg)3,  As-,08-2H20,  and  so  on.  How- 
ever, the  number  of  arsenate  minerals  is  much  less  than  the  number  of 
vanadates  and  phosphates.  The  same  is  the  case  with  reference  to  the 
synthetic  analogs,  i.e.,  the  number  of  synthetic  arsenates  is  much  less  than 
the  number  of  synthetic  phosphates  and  vanadates.  Hence,  in  comparison 
with  the  rich  structural  chemistry  of  transition  metal  phosphates,  reports  on 
the  arsenates  are  rare.  Although  a few  arsenates  have  stoichiometries 
similar  to  those  of  the  phosphate  analogs,  their  structures  are  considerably 
different.  Most  of  these  arsenates  adopt  new  structural  types  and  have 
stoichiometries  not  found  in  the  phosphates.  The  hydrothermal  technique 
helps  immensely  to  obtain  new  structures  among  arsenates.  Some  of  the 
arsenates  synthesized  belong  to  the  NASICON  family  (Na.Zr2(As04)3; 
A2+B2+As-,07  (A  = Ca,  Sr,  Ba;  B = Cu),  both  exhibiting  superionic 
properties,  NaNb2As08  with  nonlinear  optical  properties,  ABX04  type  [A 
= Mn,  Zn,  Cu2+,  Co2+,  Mg2+,  etc.;  B = (OH);  X = As],  several  complex 
arsenates  showing  unique  structures  related  to  geolites.  In  spite  of  a wide 
structural  diversity,  the  hydrothermal  synthesis  of  arsenates  is  not  very 
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popular  owing  to  the  best  known  reasons,  that  arsenic  is  highly  corrosive  and 
highly  reaction  susceptible.  Also,  it  contaminates  the  system  unless  the 
experiments  are  carried  out  at  T < 300°C  using  teflon  liners.1 132,-1  l36i 

The  majority  of  experiments  in  recent  years  have  been  carried  out  in 
stainless  steel  autoclaves  provided  with  teflon  lining.  However,  the  high 
temperature  experiments,  like  in  the  case  of  NaNb2As08,  are  carried  out 
in  sealed  gold  liners,  at  T = 750°C  and  P = 32,000  psi. 

For  example,  the  copper  diarsenates  (ACuAs907,  A = Ca,  Sr,  Ba) 
synthesis  has  been  carried  out  in  teflon-lined  autoclaves  at  230°C  for  four 
days,  followed  by  a slow  cooling  to  room  temperature  at  50°C/hr.  The  pure 
phase  is  obtained  by  heating  a mixture  of  Me2+(OH),  (Me2+=  Ca,  Sr,  Ba), 
CuO,  KC1,  H3As04,  pyridine  and  water,  in  the  following  molar  ratios: 

Ca2+ : Cu  : As  = 1:2:7. 5 

Sr2+:Cu:  As  = 1:4:15 

Ba2+ : Cu  : As  = 1:2:7. 5 

The  crystal  chemical  study  of  these  A2+B2+As907  compounds  shows 
that  the  As207  group  is  very  adaptive  to  the  bonding  requirements  of  other 
groups  in  the  structure  by  adjusting  the  As-O-As  bond  angle  and  the 
torsional  angle  between  the  two  As04  tetrahedra.  The  size  of  the 
alkali-earth  metal  cation  seems  not  to  play  an  important  a role  in  deciding 
the  structural  types  of  the  arsenates  as  it  does  on  the  corresponding 
phosphates. 

The  complex  arsenates,  like  (Mg,Ni)2  (OH)  (As04),  could  be 
prepared  using  hydrothermal  conditions  and  starting  from  the  (Mg3_xNix) 
(As04)>8H20  (X  = O,  0.5)  precursors.  The  starting  compounds  were  at 
180°C  in  a teflon-lined  steel  autoclave  90%  filled.!132! 

Chou  and  Kanatzidis  (1996)  have  synthesized  the  novel  type  of 
transition  and  main  group  metal  polychalcogenides,  and  some  of  them  are 
inaccessible  by  traditional  solution  methods. !137]  These  authors  have  used 
organic  counter-ions  R4E+  (E  = P,  R = Ph;  E = N,  R = alkyl)  to  synthesize 
these  polychalcoarsenates. 

With  the  recent  discovery  of  several  nonlinear  optical  properties 
among  arsenates,  like  in  KTiOAs04,  there  is  a growing  interest  for  new 
NLO  materials  from  the  arsenate  family. l138l  Among  these,  NaNb9As08  is 
an  important  material  showing  a great  promise  as  second  harmonic  gen- 
erator material.  I136] 
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Thus,  the  growth  of  complex  coordinated  compounds  like  sulphides, 
selenides,  tellurides,  and  arsenates  under  hydrothermal  conditions,  is  very 
important. 
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Hydrothermal  Synthesis 
of  Native  Elements  and 
Simple  Oxides 


9.1  INTRODUCTION 

The  hydrothermal  technique  is  very  useful  for  growing  crystals  of 
native  elements  and  simple  oxides.  The  native  element  crystals  popularly 
grown  under  hydrothermal  conditions  are  gold,  silver,  platinum,  copper, 
arsenic,  cobalt,  nickel,  tellurium  and  bismuth  related  compounds.  Simi- 
larly, among  the  hydrothermally  produced  oxides,  zincite,  rutile,  zirconia, 
and  hafnia  are  very  popular.  In  fact,  the  hydrothermal  method  is  the  only 
suitable  method  for  the  growth  of  these  compounds  for  various  reasons 
like  high  melting  point,  very  low  solubility,  acid  resistance  and  so  on.  In 
this  chapter,  we  describe  the  hydrothermal  synthesis  of  selected  native 
element  crystals. 


9.2  HYDROTHERMAL  SYNTHESIS  OF  NATIVE 
ELEMENTS 

The  hydrothermal  technique  is  especially  suitable  for  obtaining 
pure  and  high  quality  crystals  of  elements.  The  interest  in  the  synthesis  of 
these  elements  has  rejuvenated,  particularly  after  the  discovery  of  noble 
metals  in  seafloor  hydrothermal  mineralization. dk2]  Gold,  silver,  iridium, 
palladium,  platinum,  etc.  have  been  reported  in  hydrothermal  mineraliza- 
tion from  two  mid-oceanic  ridges:  Juan  de  Fuca  and  Mid- Atlantic  at 
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26°N.|2I  The  solubilities  of  noble  metals  in  hydrothermal  fluids  are  highly 
relevant  to  the  redistribution  and  possible  concentration  of  these  metals  by 
the  action  of  water-rich  fluids  on  magmatic  occurrences. 

The  hydrothermal  synthesis  of  noble  metals  takes  place  through 
two  types  of  reactions: 

Eq.  (1)  2Me  (s)  + 2 (OH)-  (1)  -»  2MeOx  (1)  + H2  t 

Eq.  (2)  2Me  (s)  + 2 (HI)  (1)  -»  2MeL  (1)  + H2  t 

where  L = acid  anion  (ligand). 

The  first  reaction  is  characteristic  of  alkali  solutions  and  the 
second  reaction  is  characteristic  of  acids.  In  both  the  cases,  hydrogen  helps 
in  establishing  equilibrium.  As  a result  of  this,  the  desired  metal  crystal- 
lizes. If  temperature  gradient  is  maintained  in  the  autoclave,  the  reaction 
route  is  determined  by  the  Eh  of  metals  from  temperatures.  Therefore,  in 
one  case,  the  crystallization  of  native  metal  crystals  takes  place  in  the 
hotter  zone,  and  in  the  other  case,  in  the  cooler  zone.  Thus,  the  hydrother- 
mal crystallization  of  metals  is  possible  in  both  acid  and  alkali  solutions.  It 
is  possible  to  obtain  the  entire  series  of  metals  as  single  crystals  when  an 
oxidizing  agent  like  halogenide  is  used. El  The  crystallization  takes  place 
in  quartz  ampoules  with  external  control  of  the  C02  gas  at  temperatures 
440-600°C  and  temperature  gradients  30-120°C  in  aqueous  solutions  of 
HC1,  HI,  HBr  and  the  crystals  obtained  are:  Au,  Ag,  Pt,  Co,  Ni,  Te  and  As. 
In  this  regard,  it  is  appropriate  to  emphasize  the  work  of  Rabenau  and  Rau 
(1968)  on  the  hydrothermal  synthesis  of  gold  crystals. El  In  aqueous 
solutions  of  HI  at  500°C,  the  well-soluble  [Aul4]-  complexes  are  formed, 
their  stability  depends  upon  the  temperature,  and  it  falls  with  destabiliza- 
tion of  [AuI4]  complexes  and  the  formation  of  gold  crystals: 

Eq.  (3)  Au  + 4HI  -»  [Aul4]“  + 2H2  t 

The  first  attempt  of  gold  crystallization  from  aqueous  solutions 
was  demonstrated  by  Bujor  (1948)  under  hydrothermal  conditions  at 
390°C  and  300  atm  and  cubic  crystals  of  gold  were  obtained. El 

Honma  et  al.  (1991)  have  studied,  in  detail,  the  dissolution  and 
precipitation  of  gold  and  silver  at  150°C  in  various  strong  acid  solutions 
and  aqueous  NaHS  over  periods  of  60  to  120  days. El  The  alloy  Au50Ag50 
was  used  as  the  starting  material.  For  the  first  time  millimeter- sized  free- 
growing  enhedral  crystals  of  pure  gold  were  obtained  from  6N  HC1 
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solution  after  120  days,  and  no  precipitation  of  either  gold  or  silver  was 
obtained  from  the  sulfuric  acid  and  nitric  acid  solutions.  Small  crystals  of 
both  electrum  (Au71Ag29)  and  argentite  were  precipitated  onto  the  starting 
alloy  sample  after  120  days  in  5.2  M aqueous  NaHS.161 

Gold  solubility  has  been  studied  extensively  by  several  authors  in 
HC1  aqueous  solution  and  others. 121  Seward  and  his  group  have  done 
excellent  work  on  the  complexing  and  solubility  of  gold  and  other 
noble  metals  under  hydrothermal  conditions,  especially  in  the  aqueous 
sulphide  solutions  at  temperatures  between  150  and  500°C  and  pressure  of 
500-1500  bar  over  a wide  range  of  pH.02H14]  They  have  derived  stability 
constants  for  the  complexes  AuHS  and  Au(HS)q.  It  can  be  used  to 
quantitatively  model  the  transport  of  gold  in  natural  hydrothermal  fluids 
to  understand  the  mechanisms  and  conditions  of  gold  deposition.  It  has 
been  shown  that  in  sulphide  solutions  at  near  neutral  pH,  the  complex 
Au(HS)  o is  the  dominant  gold  species.  The  solubility  of  gold  reaches  a 
maximum  where  pH  = pK  of  H-,S.  However,  with  increasing  temperatures, 
the  pKx  of  H2S  shifts  towards  more  alkaline  values  (Suleimenov  and 
Seward,  1995)  and,  therefore,  the  maximum  solubility  due  to  this  species 
also  shifts  to  more  alkaline  pH.  [151  In  acid-pH,  high-temperature  solutions, 
the  neutral  species  AuHS°,  therefore,  will  be  the  dominant  gold  transport- 
ing species  and,  although  the  gold  solubility  may  be  1-2  orders  of  magni- 
tude lower  than  the  solubility  at  pH  > pKj  (H9S),  this  complex  has  to  be 
taken  in  to  account  when  such  systems  are  modeled.  The  main  reason  for 
the  decreasing  solubility  of  gold  in  high-temperature  sulphide  solutions  is 
the  change  in  pH  and/or  total  reduced  sulphur  concentration.  The  effect  of 
temperature  on  the  solubility  of  gold  in  sulphide  solutions  is  very  strongly 
related  to  the  total  sulphur  concentration  and  the  hydrothermal  fugacity. 

Crystallization  of  copper,  silver,  selenium  and  tellurium  in  alka- 
line solutions  takes  place  in  aqueous  solutions  of  hydroxides  of  alkali 
metals  at  partial  pressure  of  hydrogen,  0.5-40  atm,  water  pressure  > 600 
atm,  and  temperature  350-550°C.  For  obtaining  fairly  large  crystals,  the 
experiments  are  carried  out  with  temperature  gradients,  and  in  autoclaves 
with  or  without  different  liners.  Glass  carbon  ampoules  are  most  effective 
in  this  respect.  In  experiments  at  T < 300°C,  Teflon®  liners  are  used.  As 
nutrient,  respective  metal  oxide  powders  or  metal  pieces  are  used. 

Popolitov  (1969),  and  Popolitov  and  Litvin  (1970)  have  studied 
the  systems  Sb-Te-I(Br)-H20  and  obtained  the  crystals  of  Se  and  Te.  They 
proposed  a simple  method  of  synthesis  of  Se  and  Te  crystals  in  aqueous 
solutions  of  hydrochloric  acid  in  autoclaves  provided  with  quartz  am- 
poules. owo 
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The  octahedral  or  more  complex  form  of  single  crystals  of  copper 
have  been  obtained  in  the  cooler  zone  of  the  autoclave  containing  aqueous 
solutions  of  NaOH  KOH.  In  highly  concentrated  aqueous  solutions  of 
hydroxides  of  alkali  metals  and  at  PH?0  > 50  atm,  often  the  plate-like 
crystals  form  with  (110)  faces  exhibiting  highly  vitreous  luster,  and  the 
crystal  size  varies  from  1-3  mm, 08] 

Silver  crystallization  conditions  are  very  close  to  those  of  crystal- 
lization of  copper.  Crystals  are  usually  plate-like  and  show  twinning.  The 
crystal  surfaces  exhibit  metallic  luster  with  a rise  in  temperature  and  silver 
dendrites  form,  resembling  its  appearance  in  nature.  The  size  varies  from 
0.1  to  0.5  mm.  [191 

Selenium  crystals  have  been  obtained  under  hydrothermal  condi- 
tions by  Kolb  and  Laudise  (1971).  The  crystals  are  needle-like  prismatic 
with  metallic  luster,  color  light-grey.  The  size  of  the  individual  needles  or 
crystals  is  up  to  10-12  mm  with  a thickness  of  0.2-0. 3 mmJ2Q| 

Tellurium  crystals  have  been  obtained  in  aqueous  NH4C1  solu- 
tions (8-15  wt%)  at  temperatures  450-550°C,  the  partial  pressure  of 
hydrogen  ~ 80  atm  andPH^Q  600  atm  with  a rise  in  the  concentration  of  the 
solvent  (up  to  20  wt%).  The  skeleton-like  forms  appear.121 1 

Diamond  synthesis  has  become  a very  important  activity.  Several 
research  organizations  and  corporations  have  taken  up  diamond  synthesis 
as  a challenge  in  solid  state  science.  Man  started  using  diamond  several 
centuries  B.C.  At  that  time,  diamond  was  thought  of  as  a hard  glass.  When 
cutting  technology  was  discovered  in  the  17th  century,  man  began  to  use 
diamond  as  an  aristocratic  jewel. 

Industrial  application  of  diamonds  started  in  the  beginning  of  the 
20th  century  and  the  first  application  of  diamond  was  in  a grinding  wheel. 
The  wheel  consisted  of  diamond  powder  with  metal  (or  polymer)  binder, 
which  can  be  called  a refined  material. 

In  1955,  diamond  was  produced  artificially  and  the  success  was 
closely  related  to  the  discovery  of  high-pressure  technology.  This  technol- 
ogy was  later  applied  to  the  production  of  sintered  diamond,  which  can  be 
categorized  as  a refined  artificial  material.  This  technology  was  also 
applied  to  the  production  of  cubic  boron  nitride  (CBN),  which  is  a 
completely  artificial  material.  The  greatest  discovery  related  to  diamond 
was  its  synthesis  from  the  gas  phase  for  the  first  time  by  Deriaguin  et  al.  in 
1976.  and  Matsumoto  et  al.  ( 1 982).1221I231  Although  many  methods  have 
been  reported  for  diamond  synthesis  from  the  gas  phase,  all  methods  are 
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basically  modified  chemical  vapor  deposition  methods.  Diamond  made  by 
these  methods,  therefore,  is  referred  to  as  CVD  diamond.  About  seventeen 
years  ago,  no  one  could  have  conceived  that  diamond  would  become  an 
electronic  material.  People  considered  a diamond  mainly  as  a jewel,  but 
the  discovery  of  diamond  synthesis  from  the  gas  phase  changed  that  image 
drastically. 

The  authors  believe  that  the  unique  properties  of  diamond  contrib- 
uted to  the  enhancement  of  research  on  the  material,  resulting  in  a wide 
range  of  research  with  hope  for  new  applications. 

There  are  three  major  processes  of  diamond  synthesis:  i)  high- 
pressure-high-temperature  (HPHT),  and  ii)  chemical  vapor  deposition 
(CVD),  (which  are  at  least  40  and  30  years  old  respectively),  and  Hi)  low- 
pressure  solid  state  source  (LPSSS).  Bundy  et  al.  (1955)  at  General 
Electric  Co.,  announced  their  success  in  synthesizing  diamond  under 
HPHT  conditions. [24]  A few  tons  of  industrial  diamond  abrasive  grains  are 
made  this  way  each  year  in  various  factories  around  the  world.  De  Vries 
(1987)  reviewed  CVD  diamond  synthesis  in  detail.1251  Roy  and  his  group 
of  researchers  have  worked  out  the  growth  technology  for  diamond  using 
LPSSS  method  in  detail. I26!!27!  Figure  9.1  shows  the  schematic  diagram 
comparing  three  popular  methods  of  diamond  synthesis. [27) 

It  is  interesting  to  note  that  the  nucleation  and  growth  kinetics  had 
won  out  over  thermodynamics.  The  CVD  process  represents  the  field 
outside  the  P-T  stability  region  for  diamond.  Figure  9.2  shows  the  phase 
diagram  for  carbon  crystalline  phases.  The  equilibrium  data  for  material 
trapped  in  inclusions  in  diamonds  indicates  final  temperatures  of  600- 
800°C  and  pressures  up  to  10  MPad28H30] 

De  Vries  (1990)  has  argued  a case  for  the  possibility  of  growing 
diamonds  under  hydrothermal  conditions,  and  several  researchers  have 
presented  various  attempts. POl33!  Szymanski  et  al.  (1995)  have  carried  out 
diamond  synthesis  using  relatively  low-pressure  liquid  phase  epitaxy  on 
seeds,  in  an  autoclave  filled  with  a specially  prepared  water  solution. 
Natural  diamonds  of  0.22  gm  and  0.49  were  used  as  seeds.  The  solution 
and  seeds  were  subjected  to  170  MPa  and  400°C  for  21  days.  A thin 
irregular  (15-14  pm)  colorless  film  of  polycrystalline  diamond  on  the 
natural  (111)  faces  of  the  seed  crystals  was  obtained  (Fig.  9.3).  This  work 
shows  that  hydrothermal  synthesis  may  be  an  effective  way  for  homo-  and 
heteroepitaxy  of  diamond  as  a continuous  layer  on  seed  material  surfaces 
of  diversified  shape  and  possibly  for  growth  of  large  diamonds  on  seeds. 
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Figure  9.1.  Schematic  diagram  comparing  three  popular  methods  of  diamond  synthesis  processes. I27l 
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Figure  9.2.  Phase  diagram  for  the  carbon  crystalline  phases. 


Figure  9.3.  Polycrystalline  diamond.  [281 

Recently,  Yamaoka  and  Akaishi  (1999)  reported  the  growth  of 
diamond  under  HPHT  water  conditions. [34]  The  basic  principle  used  by 
these  authors  is  that  carbon  reacts  with  high-temperature  water  (vapor) 
producing  so  called  “water  gas.”  It  is  natural  to  expect  that  graphite  reacts 
with  water  and  precipitates  as  diamond  under  high-pressure-high-tem- 
perature  (HPHT)  conditions  in  the  thermodynamically  stable  region  of 
diamond.  The  authors  have  used  three  types  of  capsules  to  carry  out  the 
diamond  synthesis  under  HPHT  conditions:  i)  Ta  cylindrical  containers, 
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ii)  Mo  double  capsules,  and  Hi)  conventional  point  sealed  capsules.  The 
selection  of  these  capsules  depends  upon  the  duration  of  the  experiments 
and  the  pressure-temperature  conditions.  Figure  9.4  shows  the  diamond 
growth  under  FIPHT  conditions.  This  work  shows  that  graphite  reacts  with 
FIPHT  water  and  precipitates  as  diamond  in  the  regions  of  1300-2200°C 
and  5. 5-7. 7 GPa.  The  reaction  proceeded  more  rapidly  with  increasing 
pressure  and  temperature. 


Figure  9.4.  Diamond  growth  under  HPHT  conditions)341 


Suito  and  Onodera  (1999)  have  synthesized  diamond  using  phe- 
nolic resins  between  1.6  and  4 GPa  and  cobalt  at  10  GPa  with  calcium 
carbonate  as  catalyst-solvents.1351  In  this  case,  the  pressure  and  tempera- 
ture conditions  of  diamond  synthesis  depended  upon  the  pre-firing  tem- 
peratures. Well-defined  single  crystals  of  0.3-0.7  mm  in  size  were  ob- 
tained at  4 GPa  and  1500°C  (Fig.  9.5). 

Fiowever,  the  diamond  synthesis  in  the  presence  of  metal  powder, 
molten  high  molar  alkali  solution,  and  water  at  800°C  and  1.4  kbar 
pressure  range  is  the  most  popular  technique.  The  growth  rate  is  quite  low. 
The  crystals  obtained  are  usually  5-10  microns  in  size.  Several  types  of 
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stalling  materials  have  been  tried  for  the  synthesis  of  diamond.  The  most 
important  aspects  are  the  behavior  of  carbon  under  high-pressure- 
temperature  conditions,  the  presence  of  a matching  substrate,  then  prefer- 
ential oxidation  of  sp-bonded  C by  water.  Thermodynamically  diamond  is 
stable  at  temperatures  < 800°C.  Graphitization  of  the  diamond  surface 
should  be  prevented.  The  most  important  thing  is  to  bring  carbon  into  the 
high-energy  state  under  hydrothermal  conditions  and  arrest  it. 


On  the  whole,  the  growth  of  diamond  crystals  is  a challenging  task 
because  of  the  lack  of  knowledge  of  the  pH  of  the  growth  media,  halogen 
problem,  very  slow  growth  rates,  lack  of  solubility  data,  the  solvent 
chemistry,  and  so  on.  Therefore,  the  current  situation  in  diamond  synthe- 
sis can  be  compared  to  that  of  quartz  growth  some  one  hundred  years  ago. 
The  coming  five  years  will  decide  the  future  of  diamond  research. 

In  the  recent  years,  carbon  nanotubes,  particularly  the  multiwall 
nanotubes,  are  becoming  materials  of  great  potential  in  the  next  genera- 
tion of  electronic  nanodevices.  Recently,  multiwall  open-end  and  closed 
carbon  nanotubes  with  wall  thickness  from  several  to  more  than  100 
carbon  layers  have  been  produced  by  the  hydrothermal  method  by 
Yoshimura  and  his  team  of  researchers  at  Tokyo  Institute  of  Technology, 
Japan,  jointly  with  the  University  of  Illinois,  Chicago,  USA,  (by  Yuri 
Gagosti)  using  water-based  mixtures  in  the  presence  of  a catalyst  like 
nickel  at  700-800°C  under  60-100  MPa  pressure.  The  most  significant 
factor  of  this  work  is  the  use  of  very  low  cost  materials  like  polyethylene 
and  water  as  raw  materials.  A controlled  growth  of  super-long  carbon 
nanotubes  may  be  possible  in  autoclaves  with  temperature  gradient.  The 
reader  can  find  more  information  on  carbon  nanotubes  in  the  proceedings 
of  the  Joint  International  Symposium  on  Hydrothermal  Reactions  and 
International  Conference  on  Solvothermal  Reactions  (Joint  ISHR  & ICSTR) 
held  in  Kochi,  Japan,  during  July  25-28,  2000. 
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9.3  HYDROTHERMAL  SYNTHESIS  OF  HYDROXIDES 

The  hydrothermal  method  is  popularly  used  in  the  synthesis  of 
single  crystals  of  hydroxides  of  several  divalent  and  divalent  metals.  Usually 
the  field  of  stability  is  expanded  by  the  presence  of  surplus  water  during 
the  transition  reaction  oxide  ^ hydroxide,  and  temperature  of  the  sys- 
tem. In  this  regard,  the  alkali  metal  hydroxide  solutions  are  more  effective. 
Table  9.1  gives  the  list  of  the  metal  hydroxides  obtained  by  hydrothermal 
methods,  and  their  experimental  condi  tions436]  The  experimental  tem- 
peratures and  pressures  vary  from  100  to  600°C  and  6 atm  to  4000  atm. 

Table  9.1.  Hydrothermal  Experimental  Conditions  of  Synthesis  of 


Hydroxides[36] 


Hydroxide 

Solvent 

rc 

P,  atm 

Be(OH)2 

H20 

100-175 

4000 

Mg(OH)2 

3%  NaOH 

450 

600 

Ca(OH), 

3%  NaOH 

550 

650 

Cd(OH)2 

35%  NaOH 

450 

1000 

Mn(OH)2 

5%  NaOH 

450 

1000 

Co(OH)2 

1%  NaOH 

280 

3500 

Ni(OH)2 

1%  NaOH 

280 

3500 

TR(OH.) 

TR  = La-Gd 

15%  NaOH 

350 

600 

TR  = Dy,  Er,  Yb 

15%  NaOH 

450 

600 

Cr(OH)3 

3%  NaOH 

300 

1500 

In(OH)3 

40%  NaOH 

400 

400 

Al(OH)3 

h2o 

< 150 

39 

In(OH)3 

h2o 

185-275 

50-75 

ln(  OD  )3 

d2o 

180-210 

18-50 

InOOH 

h2o 

325^410 

120-800 

InOOD 

d2o 

360-380 

320-400 

a -ScOOH 

h2o 

162-350 

6-170 

p -ScOOH 

h2o 

350 

160 

Y(OH)3 

h2o 

300 

85 

CrOOH 

h2o 

450 

2700 

GdOOD 

d2o 

600 

1400 

SmOOH 

h2o 

600 

1400 

Sr3Cr2(OH)12 

h2o 

150-200 
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Hydrothermal  synthesis  of  Mn(OH)2,  Cd(OH)2,  Co(OH)2  and 
Ni(OH)2  crystals  depend  upon  the  partial  pressure  of  hydrogen  (PHo0  >10 
atm).  Some  of  the  hydroxide  crystals  like  Mg(OH)2,  Mn(OH)2,  Co(OH)2 
form  fairly  large  size  crystals  of  5-10  x 5-10  mm  size  with  a thickness  of 
0.1  mm.  The  other  hydroxide  crystals  are  small  (0.1  mm).  The  double 
distilled  water  is  usually  used  in  the  synthesis  of  hydroxides.  The  tempera- 
ture gradient  method  gives  single  crystals  of  hydroxides.  The  oxyhydroxides 
(MeOOH)  often  crystallize  at  relatively  higher  temperatures.  Among 
these,  the  polymorphism  is  very  common,  and  it  depends  upon  the  tem- 
perature, for  example  in  rare  earth  hydroxides. [371 

Similar  to  the  alkali  solutions  in  the  synthesis  of  metal  hydrox- 
ides, acid  solutions,  particularly  chloride  solutions,  are  also  used.  Thus,  in 
this  case,  an  increase  in  the  concentration  of  the  solution  forms 
hydroxychlorides,  often  with  100%  output.  Their  synthesis  takes  place  as 
a result  of  the  substitution  of  one  hydroxyl  group  with  chloride  as  follows: 

Eq.  (4)  Me  (OH)3  + HC1  ->  Me  (OH)2Cl  + H20 

In  this  way  Demianets  and  Emelyanova  (1969)  have  obtained 
hydroxyl-chlorides  of  neodymium,  Nd(OH )2C1,  under  hydrothermal  con- 
ditions using  aqueous  solutions  of  NH4C1  (concentration  7 wt%)  at  tem- 
peratures 450-480°C.[38l  At  500°C,  rare  earth  hydroxyl-chlorides, 
R(OH)0Cl,  where  R = La,  Ce,  Pr,  Nd,  Sm,  Gd,  have  been  obtained  by 
Kletsov  et  al.  (1973). [39]  Similarly,  Carter  and  Levinson  (1969)  have 
obtained  hydroxyl-chlorides  containing  La,  Nd,  Sm,  Gd,  Y,  and  the  more 
complex  hydroxyl-chloride  of  ytterbium,  Yb30(0H)5Cl2,  using  acidic 
chloride  solutions  at  1400  atm  pressure  and  550°C.1401  Under  hydrother- 
mal conditions,  the  chloride  group  can  be  replaced  by  carbonate  ions  with 
the  formation  of  hydroxyl  carbonate,  R(OH)CO> 141 1 Similarly,  Christensen 
and  Hazeil  (1969)  have  obtained  mixed  hydroxides  of  type  MeSn(OH)6, 
where  Me  = Ca,  Mn,  Le,  Co,  Zn,  through  the  interaction  of  aqueous 
solutions  of  NaSn03  with  chlorides  or  nitrates  of  respective  metals)421 
Wolski  et  al.  (1997)  have  obtained  MnxLe22x  (OH)6_4x  which  find  numer- 
ous applications  in  technology. I43!  Lor  certain  x values,  the  initially  amor- 
phous mixtures,  MnxLe0_9x(OH)6_4x,  are  converted  into  ferrimagnetic  spe- 
cies when  stored  as  water  suspensions  well  below  100°C,  and  the  higher 
the  temperature,  the  shorter  the  time  of  transformation.  Aqueous  solutions 
of  titrated  0.25  M Le  (III)  nitrates,  mixed  together  in  the  desired  propor- 
tions to  give  the  hydroxide  mixtures  MnxLe2  -2x(OH)6„4x  in  0.1  x intervals, 


702 


Handbook  of  Hydrothermal  Technology 


were  treated  by  constant  stirring  with  2M  NaOH  till  pH  9.5  was  reached, 
to  ensure  full  M2+  precipitation  and  at  the  same  time  to  avoid  oxidation  to 
Mn304  and  /3  - MgOOH  at  higher  pH.  The  washed  and  filtered  hydroxides 
were  placed  in  Teflon®  vessels  and  were  stored  in  the  form  of  water 
suspensions  in  autoclaves  at  100°C  for  24  hours. 

Thus,  the  hydrothermal  technique  provides  unique  opportunities 
for  a preparative  chemist  to  obtain  a large  variety  of  hydroxides,  hydroxyl 
carbonates,  hydroxylchlorides,  etc.,  of  various  metals. 


9.4  HYDROTHERMAL  SYNTHESIS  OF  SELECTED  OXIDES 

Oxides  form  one  of  the  largest  groups  of  inorganic  compounds 
both  in  nature  and  in  the  laboratory.  The  hydrothermal  technique  is  one  of 
the  most  popular  techniques  for  growing  these  high-temperature  oxides, 
complex  oxides  and  low-temperature  modifications  of  the  oxides.  The 
work  on  the  hydrothermal  synthesis  of  oxides  began  during  the  19th 
century  with  quartz  in  I 845. 1441  Followed  by  this,  large-scale  research 
activity  began  during  the  1890s,  on  corundum  and  other  related  high- 
temperature  oxides. [45k46l  Today,  we  find  a large  number  of  oxides  ob- 
tained by  the  hydrothermal  method:  Ti09,  Zr02,  Hf02,  Cu90,  BeO,  Bi903, 
ln203,  A1903,  ZnO,  Fe203,  to  mention  a few,  and  a great  variety  of  mixed 
oxides.  Some  of  these  carry  great  significance  as  synthetic  gemstones,  and 
some  as  technological  materials.  Here,  we  describe  the  hydrothermal 
growth  of  selected  oxides  of  both  gemstone  and  technological  grades. 

9.4.1  Cu20  (Cuprite) 

The  growth  of  cuprite  monocrystals  under  hydrothermal  condi- 
tions can  be  carried  out  using  LiOH,  NaOH,  KOH  in  aqueous  solutions  of 
alkali  ammonium  halogenides.  Kuzmina  and  Kaidukov  (1977)  have  worked 
out  a detailed  technology  of  hydrothermal  synthesis  of  cuprite,  and  the 
solubility  of  cuprite  can  be  written  as  follows:1471 

Eq.  (5)  Cu90  + (2a  - 2)  OH-  ->  2CuOa<2al>-  + (a  - 1)  H90 

The  solubility  of  hemioxide  of  cuprite  under  high-pressure-tem- 
perature  conditions  is  less  stable  with  respect  to  supersaturation,  and  with 
a slight  variation  in  the  temperature  gradient,  spontaneous  crystallization 
of  cuprite  takes  place  such  that  the  growth  of  cuprite  crystals  become 
difficult. 
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Cuprite  crystal  growth  is  carried  in  autoclaves  with  copper  or 
silver  linings.  The  growth  temperature  is  250-450°C,  AT  = 25-75°,  %fill 
70  to  80%.  For  chloride  solutions,  Teflon®  liners  have  been  used  and  the 
temperature  was  maintained  at  T = 300°C  and  AT  = 20-45°,  and  the  pFI 
varied  from  5.0  to  5.5.  The  crystals  obtained  are  4-5  mm  in  size  with  ruby- 
red  color  having  octahedral  or  often  dodecahedral  cover. 

9.4.2  BeO  (Bromelite) 


Extremely  high  toxicity  of  beryllium  makes  the  crystal  growth  of 
beryllium-bearing  compounds  very  difficult.  Therefore,  the  hydrothermal 
method  becomes  most  useful  in  this  regard.  The  first  attempt  to  grow 
bromelite  was  made  by  Hartmann  (1962). HH  Seeded  growth  of  bromelite 
was  carried  out  using  a 5 mm  BeO  crystal  oriented  along  [1010]  and  [TOT 
1].  The  average  growth  rate  was  ~ 0.07  mm/day.  The  crystallization  was 
earned  out  at  500-530°C  using  NaOFl  solutions. 

The  autoclaves  are  usually  provided  with  copper  or  silver  lining 
though  there  are  several  other  lining  materials.  The  experimental  condi- 
tions are  as  follows: 


Mineralizer 
Nutrient 
Fill  % 

Crystallization  temperature 
AT 


25wt%  NaOH 
beryllium  oxide 
80% 

450°C 

20-50°C 


Under  the  above  conditions,  colorless  hexagonal  crystals  of  size 
3-4  mm  with  the  basic  pinacoidal,  pyramidal  and  prismatic  forms  are 
formed. 

9.4.3  Zinc  Oxide 

Zinc  oxide  is  well-known  as  //-type  semiconductor  due  to  the 
excess  of  Zn  atoms  in  the  compound.  Because  of  its  high  electromechani- 
cal coupling  constant,  zinc  oxide  appears  to  be  the  best  material  for 
devices  utilizing  the  piezoelectric  interaction  between  acoustic  waves  and 
electronic  current.  Zincite  crystals  may  be  grown  by  different  methods: 
from  gas  phase  (it  produces  needles  of  ZnO),  from  high-temperature 
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solution  using  PbF2  (it  produces  plate-like  crystals),  and  hydrothermally. 
It  is  interesting  to  note  that  the  properties  of  crystals  grown  by  the  first  two 
methods  are  technologically  unsatisfactory  owing  to  the  imperfections  in 
the  crystal,  and  to  unsuitable  habits.  Therefore,  the  most  promising  method 
of  producing  isometric  zinc  oxide  crystals  of  good  quality  is  the  hydro- 
thermal  method.  Hence,  the  process  of  crystallization  represents  an 
important  technique  for  many  applications.  In  this  respect,  understanding, 
controlling,  and  optimizing  crystal  morphology  is  of  fundamental  impor- 
tance in  those  fields  where  an  incorrectly  defined  crystal  morphology  may 
have  an  impact  upon  a number  of  important  technological  applications. 
Therefore,  the  hydrothermal  technique  is  found  to  be  the  most  suitable  one 
for  the  growth  of  ZnO  crystals.  Seeded  crystal  growth  of  zincite  has  been 
carried  out  using  NaOH  and  KOH  solutions  and,  similarly,  aqueous 
solutions  of  chlorides. [5°]-[54]  Jhe  m0st  useful  solvent  is  2-10M  KOH,  in 
which  the  growth  takes  place  within  a wide  temperature  interval  200- 
500°C  and  P = 150-600  atm.  Lobachev  et  al.  (1982)  have  studied  the 
solubility  of  zincite  in  detail.  The  solubility  is  less  dependent  upon  the 
temperature  when  the  concentration  of  the  solution  is  < 3M,  but  for  higher 
concentrations,  it  is  distinct.  Figure  9.6  shows  the  solubility  of  zincite  in 
KOH  solution.  With  a raise  in  the  concentration  of  KOH,  the  solubility  of 
zincite  in  KOH  solution  increases  nonlinearly,  but  with  a raise  in  the 
concentration  of  KOH  at  lower  temperature  (<  200°C),  it  becomes  linear. 


Figure  9.6.  Solubility  of  zincite  in  KOH  solution. [50] 
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In  the  growth  of  zincite,  the  use  of  alkalis  sometimes  leads  to  the 
formation  of  hydrogen  arising  as  a result  of  the  oxidation  of  the  autoclave 
material.  The  amount  of  hydrogen  formed  depends  greatly  on  the  tem- 
perature, the  concentration  of  the  alkali,  and  the  duration  of  the  experi- 
ment. In  fact,  the  dissolution  of  the  crystals,  the  transport  processes,  and 
crystallization  in  turn,  depend  greatly  on  the  redox  potential  of  the  me- 
dium. Sakagami  (1990)  has  obtained  zincite  crystals  of  high  purity  by  the 
hydrothermal  method  under  a partial  pressure  of  oxygen,  using  platinum- 
lined  autoclaves  and  ultra-pure  reagents.  I55i  The  growth  conditions  are  as 
follows: 


Growth  temperature 

Temperature  difference 

Total  pressure 

Partial  pressure 

Solvent 

Oxidizer 

Nutrient 

Lining  tube 

Growth  run 


370-400°C 

10-15°C 

700-1000  kg/cm 

10-30  kg/cm 

KOH  3.0M  + LiOH  1.5M 

H202  0. 1M-0.3M 

ZnO  sinter 

Point  (0.3  mm  thickness) 
15-20  days/run 


Figure  9.7  shows  high  purity  crystals  of  zincite  obtained  at  a growth  rate  of 
0.2  mm/day  in  a direction  normal  to  a prismatic  face  (1010).  The  degree  of 
coloration  depends  upon  the  growth  conditions,  for  example,  solutions 
containing  a H902  oxidizer  and  without  an  oxidizer.  The  author  has  used 
the  coulometric  technique  to  detect  a small  deviation  in  the  stoichiometric 
constituent  towards  Zn  1+xO.  The  concentration  of  excess  Zn  in  the  crystals 
grown  under  excess  partial  pressures  of  oxygen  decreased  to  the  minimum 
of  0.8  ppm,  and  their  resistivity  increased  to  about  108  £2m.  Thus,  the 
composition  of  the  solution  in  which  the  zincite  crystallizes  changes  the 
habit  and  properties  of  the  developing  crystals.  In  KOH  solutions,  ZnO 
crystals  or  prismatic  habit,  drawn  out  sharply  along  the  ‘c’  axis,  are 
formed  in  caustic  soda  solutions.  The  crystals  are  more  isometric  in  LiOH 
solutions.  The  growth  rate  of  the  monohedral  face  is  very  slow,  while  that 
of  the  pyramid  face  is  commensurable  with  or  slightly  exceeds  that  of  the 
prism,  and  the  crystals  assume  a tabular  form.  The  presence  of  F+  ions  in 
the  solution  increases  the  growth  rate  of  the  monohedral  (0001)  face.  If  the 
solution  contains  iron,  characteristic  zincite  twins  grow  along  the  face  of 
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the  monohedron.  In  aqueous  ammonium  chloride  solutions  (1-7  wt%), 
recrystallization  of  zincite  takes  place  at  450°C.  The  crystal  habit  varies 
with  the  concentration  of  the  solution. |56|l57l  [n  highly  concentrated  solu- 
tions, hexagonal  platelets  form.  Hence,  in  order  to  obtain  good  crystals  of 
zincite,  NaOH  and  KOH  solutions  are  used.  The  resistance  of  zincite 
crystals  grown  in  alkali  solutions  containing  lithium  ions  is  small:  101— 102 
Qcm.  Annealing  in  air  or  oxygen  increases  the  resistance  of  the  samples  to 
105-108  Qcm.  This  is  due  to  the  diffusion  of  the  Li  ions,  and  to  the  motion 
of  the  hyper-stoichiometric  proportion  of  zinc  to  the  surface  of  the  crystal 
faces,  with  its  subsequent  oxidation  to  zinc  oxide. 


group- 1 group- 2 


Figure  9.7.  High  purity  crystals  of  zincite  obtained  at  a growth  rate  of  0.2 
mm/dayd55! 


Zincite  crystals  obtained  under  hydrothermal  conditions  are  nor- 
mally activated  by  Mn2+  and  Ni2+,  which  emit  red  and  green  radiation. 
However,  the  resistance  of  the  crystals  remains  unchanged.  Similarly,  the 
Mn2+  and  Ni2+  ions  also  have  no  appreciable  effect  on  the  kinetics  of  the 
crystallization  of  zincite. 

Wang  et  al.  (1997)  has  carried  out  a systematic  investigation  of 
zincite  crystals  and  their  morphology  through  a crystal  chemical  approach 
to  obtain  a desirable  morphology.  Also,  they  have  explained  the  effects  of 
the  additive  OH'  on  the  crystal  morphology  of  ZnO  crystallites.1581  ZnO 
microcrystallites  are  very  important  having  wide  application  in  ceramics, 
coatings,  and  electronic  devices.  Thus,  hydrothermal  zincite  crystals  have 
great  device  potential. 
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9.4.4  Hydrothermal  Growth  of  Corundum 

The  hydrothermal  synthesis  of  corundum  began  during  the  1 890s. 
Corundum  is  stable  under  hydrothermal  conditions  at  T>  400°C|59||6°1  and 
is  soluble  in  alkali  and  carbonate  solutions.  According  to  Laudise  and 
Parker  (1974),  corundum  shows  a lower  temperature  coefficient  of  solu- 
bility in  alkaline  solutions  and  that  is  the  reason  for  the  unsuccessful 
growth  of  corundum  in  these  solutions J60  Although,  hydrothermally 
grown  corundum  is  commercially  available  at  present,  as  gemstones  it  has 
not  been  reported.  The  hydrothermal  growth  of  corundum  is  achieved 
using  a metastable -phase  technique  because  of  its  very  low  solubility. 
Gibbsite  (Al(OH)3)  is  used  as  a nutrient,  a -A1903  as  a seed,  and  an 
alkaline  solution  as  a solvent.  A more  rapid  growth  rate  is  obtained  in 
KOH  or  K2C03  solution  than  in  NaOH  or  Na2C03  solution.  The  solubility 
is  lower  in  KOH  or  K2C03,  but  the  interaction  between  the  impurity 
absorbed  beforehand  onto  the  crystal  surface  and  K+  ion  existing  in  the 
solution,  acts  as  a factor  to  augment  the  growth  rate.  The  lower  the  pH 
level  in  the  solution,  the  thicker  the  growth  layer  along  the  c-axis.  The 
growth  of  corundum  in  extremely  low  pH  6N  HC1  has  been  reported.  In 
this  case,  the  nutrient  is  dissolved  at  the  lower  temperature  side  and  is 
deposited  on  the  seed  crystal  at  the  higher  temperature  side,  because  the 
enthalpy  in  the  a-Al203-HCl  reaction  is  negative.  Isothermal  studies  of 
the  system  AT,03-H90  have  been  carried  out  by  many  workers  and  have 
shown  that  corundum  could  be  formed  from  diaspore,  boehmite,  or  gibbsite 
in  situ  at  temperatures  > 450°C.  The  pressure  varied  from  15,000  to 
30,000  psi.  Figure  9.8  shows  the  phase  relations  in  A1903  systems. i60 
Kashkurov  et  al.  (1968)  have  studied  the  growth  of  large  corundum 
crystals  at  pressures  up  to  2000  atm  and  at  temperatures  up  to  550°C  in 
alkali  solutions  of  various  concentrations.  Crystals  weighing  up  to  1 kg 
were  prepared  by  the  hydrothermal  technique,  and  the  imperfect  state  of 
these  crystals  was  apparently  associated  with  internal  stresses  and  the 
mosaic  structure  of  seed  crystals  which  were  prepared  by  Verneuil  tech- 
nique.[62]  Rumyanetsev  et  al.  (1972)  have  shown  that  among  alkali  and 
carbonate  solutions,  the  alkali  solutions  dissolve  corundum  and  form 
aluminatcs.1631 


Eq.  (6) 


A1203  + 2NaOH  + 3H20  -»  2Na  [Al  (OH)2]  + 40H 
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Figure  9.8.  Phase  relations  in  A1203  systems. l61] 

In  the  absence  of  carbonate  ions,  C0'3,  the  aluminate  ions  are 
always  stable  and  the  reaction  becomes  irreversible  and,  at  the  same  time, 
with  the  use  of  carbonate  solutions,  the  reaction  becomes  reversible.  In 
fact,  this  is  a characteristic  feature  of  lower  concentrations  of  sodium 
bicarbonate.  At  higher  concentrations  of  solutions,  usually,  the  heavier 
phases  appeal-.  In  aqueous  solutions  of  K2C03  and  Pb2C03,  the  heavy 
phase  does  not  appear,  therefore,  the  experimenters  emphasize  the  corun- 
dum growth  in  such  solutions.  Figure  9.9  shows  the  dependence  the  of 
solubility  of  corundum  on  temperature;  and  Fig.  9.10  shows  the  depen- 
dence of  the  growth  rate  of  different  faces  on  the  temperature. [63]  With  a 
raise  in  temperature,  the  growth  rate  nonlinearly  increases  within  the 
temperature  interval  400-500°C.  Good  quality  corundum  crystals  were 
grown  on  the  seeds  oriented  along  the  face  (122)  and  were  obtained  from 
the  melt.  The  growth  was  carried  out  in  4M  K2C03  solution  at  480°C, 
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pressure  of  1330  atm,  fill  85%,  AT  = 30°C,  and  colorless  and  transparent 
crystals  with  (211),  (311)  and  (111)  faces  were  obtained.  Thomas  (1996) 
has  studied  the  influence  of  K0H/C02  ratio  in  alkaline-bicarbonate  solu- 
tions on  the  growth  rate  of  corundum  crystals  under  hydrothermal  condi- 
tions. It  has  been  shown  that  the  concentration  of  CO,  in  the  system  has  a 
main  influence  on  the  growth  rate  of  corundum  crystals;  as  for  KOH 
content  in  the  bicarbonate  solutions,  it  influences  growth  velocity  with 
only  a small  concentration  of  the  alkaline  component.  A mechanism  for 
aluminum  transfer  with  the  growth  of  corundum  crystals  in  the  carbonate 
and  bicarbonate  solutions  has  been  discussed. 1641  The  corundum  of  hydro- 
thermal  origin  is  used  both  as  gemstone  and  technological  material. 


Figure  9.9.  Dependence  of  solubility  of  corundum. [631 


Figure  9.10.  Dependence  of  the  growth  rate  of  different  faces  and  the  tem- 
perature.!63] 
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The  hydrothermal  technique  is  useful  for  obtaining  large  crystals 
of  sapphire  and  ruby.  The  corundum  modifications  of  A1203,  which  are 
relatively  strain  free,  can  be  prepared  at  moderate  temperature  conditions 
and  without  the  excessive  gradients  characteristic  of  flame  fusion  and 
melt  techniques.  These  are  the  gemstone  varieties  of  corundum  and  named 
according  to  their  colors:  sapphire  blue  and  ruby  red.  Probably  sapphire  is 
the  second  material  after  quartz  to  be  grown  in  any  size  by  hydrothermal 
methods.  Similarly,  large  ruby  crystals  can  be  grown  using  carbonate 
solutions.  The  solubility  of  sapphire  and  ruby  is  the  same  as  that  of 
corundum  and  it  increases  with  temperature.  Oxides  of  chromium  and 
iron,  when  taken  in  the  nutrient  along  with  Na2C03  solution,  more  strongly 
influence  the  crystallization  than  when  taken  with  K2C03  solution.  How- 
ever, when  the  concentration  of  these  components  in  the  nutrient  is  higher 
than  1.6%  in  10%  Na2C03  solution,  crystals  practically  do  not  grow. 
Kuznetsov  and  Shternberg  (1967)  have  investigated  the  crystallization  of 
ruby  under  hydrothermal  conditions  by  three  methods:  recrystallization  of 
aluminum  oxide  in  solutions  containing  chromium;  joint  recrystallization 
of  A1203  and  Cr203,  which  are  placed  in  the  autoclave  as  separate  compo- 
nents; and  finally,  recrystallization  of  ruby  crystals  having  a given  chro- 
mic oxide  concentration.  The  last  method  makes  possible  uniform  and 
controlled  introduction  of  the  impurity  into  the  solution  and  the  growing 
crystal  throughout  the  experiment.!65]  Figure  9.1 1 shows  the  growth  rate 
of  the  (1011)  face  versus  Cr003  concentration  in  the  initial  charge;  10% 
Na2C03  solution  at  550°C,  autoclave  60%  filled.  These  authors  conclude 
that  in  carbonate  and  bicarbonate  solutions,  chromic  oxide,  and  aluminum 
oxide  have  substantially  different  solubilities  in  carbonate  solutions  and 
different  rates  of  dissolution.  Also,  the  effect  of  solution  redox  potential 
on  the  transport  of  chromic  oxide  under  hydrothermal  conditions  has  been 
studied  by  these  authors.  Monchamp  et  al.  (1967)  have  carried  out  very 
large-scale  growth  of  sapphire  and  ruby  with  considerable  success. [66k67] 
Figure  9.12  shows  hydrothermally  grown  ruby  crystal.!68]  Green  crystals 
containing  iron  have  been  grown  by  carrying  out  the  crystallization  in  the 
welded  liners  directly,  and  colorless  crystals  which  were  essentially  pure 
have  been  prepared  by  the  use  of  a silver  tubed67]  The  overall  features  are 
similar  to  the  growth  of  corundum  crystals. 
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Figure  9.11.  Growth  rate  of  (1011)  face  versus  Cr203  concentration  in  the  initial 
charge. [651 


Figure  9.12.  Hydrothermally  grown  ruby  crystals.!681  ( Courtesy  ofV.  S.  Balitskii.) 
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9.4.5  Hydrothermal  Growth  of  Oxides  of  Ti,  Zr  and  Hf 

The  oxides  of  titanium,  zirconium,  and  hafnium  belong  to  a group 
of  chemically  stable  compounds  with  high  melting  points.  These  proper- 
ties make  them  very  important  technological  materials,  but  at  the  same 
time  restrict  the  possibility  of  growing  them  in  the  form  of  single  crystals. 
Among  these  three  compounds,  Ti02  melts  easily  (1850°C)  and  can  be 
grown  by  direct  melting  (Verneuil  method),  but  analogous  methods  have 
not  yet  found  successful  practical  application  for  Zr02  and  HfO-,,  since  the 
melting  points  are  rather  high,  2700°C  and  2780°C  respectively.  Hence, 
Li2Mo04,  PbF2,  Na2B204  fluxes  are  used  to  grow  these  crystals,  as  their 
high  melting  points  make  them  difficult  to  grow  directly  from  the  melt. 
Although  the  crystallization  of  rutile  by  the  Verneuil  method  is  frequently 
employed,  the  method  often  yields  crystals  of  a nonstoichiometric  nature. 
Kuznetsov  (1973)  has  reviewed  the  growth  of  oxides  of  titanium  subgroup 
metals  in  detail.!69!  Anikin  et  al.  (1965)  have  obtained  TiCF,  at  550°C  and 
1000  atm.!70 1 Subsequently,  Harville  and  Roy  (1967)  have  obtained  TiCF, 
crystals  in  H2S04  solutions  at  700°C  and  1000-4000  atm.  However,  the 
growth  rate  was  very  low.!71!  The  commonly  used  solvents  are  solutions  of 
alkalis,  lithium,  potassium,  sodium,  and  ammonium  carbonates  and  bicar- 
bonates, sodium  sulfide,  lithium,  potassium  and  ammonium  chlorides, 
sulfates  (Na0S04,  K0S04),  borax,  boric  acid,  and  fluorides  (KF,  NaF, 
NH4F).  The  concentrations  of  the  solutions  were  5-40%. 

Ti02.  Kuznetsov  and  his  group  have  worked  out  the  growth 
technology  of  Ti02  (rutile  phase)  under  hydrothermal  conditions!69!!72!!73! 
using  7-10%  KF  or  NaF  and  5-10%  NH4F  solutions  at  temperatures  over 
500-550°C  and  pressures  of  500-800  atm.  The  amount  of  material  trans- 
ported increases  with  increasing  temperature  of  the  experiment.  Crystals 
are  prismatic  with  dark-brown  or  black  color.  When  a small  amount  of 
KCI03  is  added  to  the  nutrient,  crystals  become  light  green  in  color.  Rutile 
synthesized  by  the  hydrothermal  method  has  properties  closer  to  the 
natural  rutile.  In  pure  water  and  aqueous  solutions  of  NaOH  or  Na-,C03  at 
temperatures  below  350-400°C,  the  anatase  phase  of  TiCF,  crystallizes 
and,  at  temperatures  further  down,  the  brookite  phase  crystallizes. !73! 

A rutile  crystal  grown  by  Verneuil  method  was  used  as  a seed  and 
experiments  were  earned  out  at  a solubility  zone  temperature  550-600°C, 
with  respective  autoclave  filling  coefficients  of  0.6-0.5  and  (T  = 20-35°C.!73! 
Under  these  conditions  the  growth  rate  of  the  (100)  and  (110)  faces  was 
0.15-0.21  mm/day  in  the  five-day  experiments.  Typical  conditions  for 
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crystallization  were  570°C,  autoclave  filling  coefficient  = 0.6,  AT  - 25°C. 
However,  the  given  directions  (100)  and  (110)  are  not  directions  of  rapid 
growth.  Judging  by  the  morophology  of  the  spontaneous  rutile  crystals 
(they  often  have  a typical  long-prismatic  form),  the  growth  rate  along 
(001)  should  be  higher. 

Zr02  (Baddeleyite).  Kuznetsov  (1973)  was  the  first  to  synthesize 
Zr00  crystals  under  hydrothermal  conditions  using  fluoride  solutions  of 
NaF,  or  KF  and  NH4F  with  concentrations  7-10%  at  temperatures 
of  520-690°C.1691  In  KF  solutions,  Zr00  is  transported  only  at  tempera- 
tures over  600°C,  and  small  crystals  of  0.5  mm  size  are  formed  in  the 
upper  zone  of  the  autoclave.  Below  600°C,  all  that  happens  is  that  the 
original  material  is  made  coarser,  and  lamellar  crystals  up  to  0.3  mm  in 
size  are  formed  in  the  lower  zone  of  the  autoclave.  In  NH4F  solution,  there 
occurs  an  intensive  recrystallization  of  Zr00  at  relatively  low  tempera- 
tures. However,  there  are  some  practical  difficulties  in  the  growth  of  ZrOi 
due  to  the  retrograde  solubility  in  NH4F  solutions.  In  order  to  simplify 
the  problem,  in  a furnace  with  a horizontal  autoclave,  a “hot”  zone  was 
created  at  the  obturator.  By  this  means,  Zr02  crystals  in  the  form  of  thin 
plates  2.5  x 2.5  x 0.5  mm  with  (001),  (010)  and  (1 10)  faces  were  obtained. 
Increase  in  the  temperature  gradient  raises  the  growth  rate  and  the  crystals 
become  thicker  and  form  twinning.  Growth  rate  is  maximum  in  the  “c” 
direction,  minimum  in  the  “a”  direction,  and  slower  in  the  “b”  direction. 
The  growth  rate  of  the  (100)  face  is  roughly  ten  times  lower  than  that  of  the 
(001).  The  basic  properties  of  this  synthetic  ZrOi  are  closer  to  the  mineral 
baddeleyite.  Figure  9.13  shows  a photograph  of  ZrO,  crystals  grown 
under  hydrothermal  conditions. 


Figure  9.13.  Zr02  crystals  grown  under  hydrothermal  conditions.1691  (Courtesy 
of  V.  A.  Kuznetsov. ) 
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Hf02.  According  to  Kuznetsov  (1968),  the  growth  of  Hf02  does 
not  differ  much  from  that  of  Zr02d731  The  crystallization  of  Hf02  takes 
place  at  a higher  temperature  in  KF  and  NaF  solutions  and  at  still  higher 
temperatures  in  NFI4F  solution  (700°C).  Again,  the  major  disadvantage  is 
the  higher  temperature  of  crystallization  and  retrograde  solubility.  Flence, 
in  this  case  also,  a horizontally  disposed  autoclave  was  used  by  Kuznetsov 
and  his  group J69k73]  The  autoclave  had  a transverse  baffle  in  which  the 
orifice  area  was  -15%  of  the  internal  cross  sectional  area.  Crystals  up  to  2 
x 2 x 0.5  mm  of  Flf02  (Fig.  9. 14)  were  obtained. 


Figure  9.14.  Hf02  crystals. f731  (Courtesy  ofV.  A.  Kuznetsov.) 


9.5  HYDROTHERMAL  GROWTH  OF  TELLURIUM 

DIOXIDE 

Tellurium  dioxide  has  two  modifications:  tetragonal  (paratellurite) 
and  orthorhombic  (tellurite).  1741 1751  Among  these  two,  the  paratellurite  is 
of  great  interest  for  solid  state  physicists,  because  of  its  valuable  piezo- 
electric and  acousto-optical  properties.  In  particular,  paratellurite  crystals 
may  be  used  in  acousto-optical  modulators  of  light  deflectors  and  delay 
lines.  At  present,  there  are  several  methods  of  growing  these  crystals.  The 
mostpopular  is  the  Czochralski  method  but,  in  this  method,  the  growth 
temperature  is  high  and  there  are  strong  temperature  gradients  in  the 
growth  region. [76i  This,  together  with  high  vapor  pressure  of  tellurium 
dioxide,  often  results  in  the  production  of  defected  and  stressed  crystals. 
In  addition,  the  method  is  rather  cumbersome  and  only  about  20%  of 
crystals  produced  have  acceptable  quality. 
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The  hydrothermal  method  of  crystallization  of  paratellurite  started 
almost  at  the  same  time  as  that  of  the  Czochralski  method,  l74^7^]  However, 
the  effects  of  various  physical  and  chemical  parameters  on  the  growth  of 
paratellurite  crystals  were  not  properly  studied.  This  technology  is  not 
advantageous  because  of  its  poor  reproducibility  and  poor  quality  of 
crystals.  The  possibility  of  obtaining  spontaneous  paratellurite  monocrys- 
tals from  solutions  of  hydrohalogenic  acids  was  demonstrated  in  Ref.  64. 
It  was  found  that  the  mass  crystallization  decreases  in  the  following 
sequence:  HC1  > HBr  > HI  > HF,  while  all  other  parameters  are  the  same. 

The  experiments  done  in  platinum  lined  autoclaves  showed  that 
platinum  dissolves  in  hydrohalogenide  complexes,  hence,  the  process  of 
dissolution  of  Te02  in  the  acid  deteriorates  and  goes  out  of  control.  Thus, 
effective  usage  of  hydrothermal  technology  of  paratellurite  could  not  be 
developed  owing  to  the  difficulties  in  observing  and  controlling  the 
parameters  which  determine  the  crystallization  of  a-TcCh  in  platinum- 
lined  steel  autoclaves. 

Popolitov  et  al.  (1975)  have  studied  the  solubility  of  paratellurite 
in  detail  in  hydrochloric  acid,  which  is  an  effective  solvent  for  the  recrys- 
tallization of  TeCM77]  Figure  9.15  shows  the  dependence  of  solubility  of 
tellurium  dioxide  and  HC1  concentration  measured  by  titration  with  so- 
dium hydroxide.  The  starting  material  used  was  monocrystals  of 
paratellurite  obtained  through  spontaneous  crystallization  from  water 
solutions  of  HC1. 


Figure  9.15.  Dependence  of  solubility  of  tellurium  dioxide  and  HC1  concen- 
tration. F?1 
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The  hydrothermal  growth  of  monocrystals  on  seeds  is  known  to 
include  the  following  stages:  dissolution  of  solid  substance,  transport  of 
dissolved  materials  to  the  growth  region,  and  the  growth  of  seed  crystals. 
To  reveal  the  mechanism  of  transport,  it  is  of  great  importance  to  use  the 
data  on  solubility  of  paratelluride  in  HC1  solutions  and  to  consider  the 
possible  mechanism  of  transport  from  the  dissolution  region  to  the  growth 
region  in  the  process  of  a-T c02  growth  on  the  seed. 

The  synthesis  of  paratellurite  with  100%  output  occurs  in  aque- 
ous solutions  of  nitric  acid  with  concentrations  up  to  25%  at  tempera- 
tures of  260-340°C  and  pressures  of  50-370  atm. 174 1 Element  tellurium 
serves  as  the  nutrient,  so  that  the  synthesis  reaction  occurs  as  follows: 

Eq.  (7)  3Te  + 4HN03  ->  3Te02  (solid)  + 2H20  + 4NO  t 

With  further  rise  in  the  concentration  of  aqueous  nitric  acid  solution 
(>25%),  there  occurs  the  oxidation  of  the  tellurium  with  the  formation  of 
crystals  of  telluric  acid: 

Eq.  (8)  Te  + 6HN03  ->  H2Te04  (solid)  + 6N02  + 2H20 

The  morphology  of  paratellurite  crystals  is  very  interesting.  The 
crystals  grown  in  hydrochloric  acid  solutions  exhibit  more  complex 
forms  than  the  crystals  obtained  in  nitric  acid  solutions.  The  paratellurite 
monocrystals  grow  in  the  form  of  a tetragonal  prism  (110)  and  tetragonal 
dipyramids  (101)  and  (102).  The  growth  forms  of  tellurium  oxychloride 
monocrystals  are  pinacoids  (001)  and  (010),  rhombic  prisms  (110)  and 
(130),  and  rhombic  dipyramids  (ill),  (1 12),  (113),  and  (114).  Figure  9.16 
shows  the  habits  of  (a)  tellurium  dioxide,  and  (b)  tellurium  oxychloride 
crystals. 

Popolitov  and  his  group  have  studied,  in  detail,  the  kinetics  of 
crystallization  of  paratellurite  under  hydrothermal  conditions  with  refer- 
ence to  the  mass  transport,  temperature  gradient,  solution  concentration, 
growth  rate  and  so  on.i77||78l  On  the  basis  of  the  kinetic  study  of  growth 
conditions  for  a-TeCh,  crystals,  it  was  found  that  the  growth  rate  in  the 
homogeneous  solution  is  limited  by  diffusion  mass  transport  of  the  dis- 
solved substance  towards  the  growing  faces,  while  in  the  binary  phase,  the 
surface  processes  are  limited.  A method  for  the  optimal  growth  of  the 
uniform  a-Te02  monocrystals  was  developed  wherein  the  crystals  are 
grown  on  seeds  and  in  3.65  wt%  water  solution  of  HC1  at  150-200°C. 
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Acoustic  characteristics  of  a-TeO,  monocrystals  obtained  by  the  hydro- 
thermal  method  are  similar  to  those  of  Czochralski  grown  crystals.  A 
reader  can  find  more  information  in  Ref.  79. 


Figure  9.16.  Habits  of  (a)  tellurium  dioxides  and  (b)  tellurium  oxychloride 

crystals.177! 


9.6  HYDROTHERMAL  SYNTHESIS  OF  Ti02  AND 

RELATED  OXIDE  POWDERS 

There  is  a growing  interest  in  the  application  of  oxide  semicon- 
ductors as  catalyst  supporters,  photocatalysts,  oxidation  catalysts,  and 
electrocatalysts  for  carrying  out  chemical  transformations  of  organic  and 
inorganic  compounds. I8°H82]  Fe304  powders  with  a spinel  structure  have 
potential  applications  for  ferrofluid  magnetic  refrigeration,  bioprocessing, 
and  information  storage. [83]  Several  other  oxides  like  Sn02  are  used  as  gas 
sensors, [84]  and  a-MnCE  as  an  adsorbent.1851  Among  these  especially, 
Ti02  is  the  most  important  material  being  studied  extensively  in  the  last 
few  years  owing  to  its  unique  properties.  Ti02  shows  maximum  light 
scattering  with  virtually  no  absorption.  It  is  non-toxic  and  chemically 


(a) 


(b) 
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inert.  This  has  been  employed  extensively  in  studies  of  heterogeneous 
photocatalysis  and  has  been  accepted  as  one  of  the  best  photocatalysts  for 
the  degradation  of  environmental  contaminants.  The  process  involves  the 
absorption  of  a photon  by  Ti02,  leading  to  the  promotion  of  an  electron 
from  the  valence  band  to  the  conduction  band  and  thus  produces  an 
electron  hole.  The  electron  in  the  conduction  band  is  then  removed  by 
reacting  with  09  in  the  outer  system.  The  hole  in  the  valence  band  can 
react  with  OH-  or  H90  species,  which  are  adsorbed  on  the  surface  of  the 
Ti02  to  give  the  hydroxyl  radical.  This  hydroxyl  radical  initiates  the 
photocatalytic  oxidation,  a pollution  control  technology  or  detoxification 
technology186  which  destroys  the  organic  chemical  contaminants  in  air, 
water,  and  soil.  It  can  be  used  to  treat  the  polluted  water  (both  surface  and 
ground  water,  similarly  waste  and  drinking  water)  and  soil.  The  technique 
can  be  used  as  an  industrial  pollution  management  technique  for  cleaning 
up  gaseous  and  aqueous  waste  streams  containing  organic  compounds. 
The  photocatalytic  activity  of  Ti02  depends  upon  its  crystal  structure 
(anatase,  or  rutile),  surface  area,  size  distribution,  porosity,  and  presence 
of  dopants,  surface  hydroxyl  group  density,  etc.  These  factors  influence 
directly  on  the  production  of  electron-hole  pairs,  the  surface  adsorption 
and  desorption  process  and  the  redox  process. 

There  are  several  ways  of  preparing  TiCh,  particles. |87H')01  The 
hydrothermal  method  has  many  advantages  like  producing  a highly  homo- 
geneous crystalline  product,  which  can  be  obtained  directly  at  relatively 
lower  reaction  temperature  (<150°C).  Its  most  important  feature  is  that  it 
favors  a decrease  in  agglomeration  between  particles,  narrow  particle  size 
distributions,  phase  homogeneity,  and  controlled  particle  morphology.  It 
also  offers  the  uniform  composition,  purity  of  the  product,  monodispersed 
particles,  control  over  the  shape  and  size  of  the  particles,  and  so  on.  The 
hydrothermal  technique  has  been  found  to  be  one  of  the  best  techniques  to 
prepare  TiCh,  particles  of  desired  size  and  shape  with  homogeneity  in 
composition  and  a high  degree  of  crystallinity.  Hence,  the  authors  have 
earned  out  the  synthesis  of  Ti09  under  hydrothermal  conditions  and  have 
used  the  material  in  the  degradation  of  organic  compounds. 

It  is  well  known  that  several  organic  pollutants  present  in  indus- 
trial waste  waters,  phenol,  nitrophenol  isomers  and  their  derivatives, 
aromatic  hydrocarbons,  cyanide,  sulfites,  and  so  on,  have  been  completely 
removed  by  using  this  Ti02  based  heterogeneous  photocatalysis.  Several 
authors  have  studied  in  detail  the  mild  hydrothermal  synthesis  of  TiO, 
particles  and  the  influence  of  various  parameters  like  temperature, 
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experimental  duration,  pressure  (percentage  fill),  solvent  type,  pH,  and 
the  starting  charge  on  the  resultant  product. 

The  synthesis  of  TiCh,  is  usually  carried  out  in  small  autoclaves  of 
Morey  type,  provided  with  Teflon®  liners.  The  conditions  selected  for  the 
synthesis  of  Ti00  particles  are:  T- < 200°C,  P < 100  bars.  Such  pressure- 
temperature  conditions  facilitate  the  use  of  autoclaves  of  simple  design 
provided  with  Teflon®  liners.  The  use  of  Teflon®  liners  has  helped  to 
obtain  pure  and  homogeneous  TiCk,  particles.  Though  the  experimental 
temperature  was  low  ~ 150°C,  Ti00  particles  with  a high  degree  of 
crystallinity  and  the  desired  size  and  shape  could  be  achieved  through  a 
systematic  understanding  of  the  hydrothermal  chemistry  of  the  media. 
Here  it  is  appropriate  to  mention  that  the  size  of  the  titania  particles  is  a 
most  critical  factor  for  the  performance  of  the  material  in  the  photocata- 
lytic  activity,  and  the  monodispersed  nanoparticles  are  the  most  suitable 
ones.  It  has  been  shown  that  the  particle  size  is  a crucial  factor  in  the 
dynamics  of  the  electron/hole  recombination  process,  which  offsets  the 
benefits  from  the  ultrahigh  surface  area  of  nanocrystalline  Ti02.  The 
dominant  eVh+  recombination  pathway  may  be  different  for  TiCk,.  Differ- 
ent particle  size  regimes  have  been  established  for  improving  the  photo- 
catalytic  efficiencies  of  different  systems  J91! 

The  stalling  materials  such  as  that  of  Ti02  and  the  solvent  with  a 
definite  molarity  (1.5  to  4.0  m)  were  taken  in  a Teflon®  liner.  The  internal 
pressure  was  maintained  below  100  bars  through  percent  fill  in  the  liners. 
The  stalling  mixture  was  stirred  thoroughly  to  obtain  a homogeneous  and 
relatively  viscous  solution,  which  was  later  kept  inside  an  autoclave  and 
heated  at  150°C  for  about  40-48  hours.  Several  solvents  like  NaOH, 
KOH,  HC1,  HN03,  HCOOH  and  H,S04  were  treated  as  mineralizers  and  it 
was  found  that  HN03  is  a better  mineralizer  for  obtaining  monodispersed 
nanoparticles  of  titania  with  homogeneous  composition  under  the  present 
experimental  conditions.!82!  The  authors  have  used  different  stalling  charges 
such  as  reagent  grade  anatase,  sintered  anatase  (at  about  800  to  900°C  for 
10  hours),  TiCl4  and  titanium  gel.  In  each  case,  the  resultant  product  was 
Ti02,  however,  with  different  ratios  of  rutile  and  anatase  depending  upon 
the  charge,  as  confirmed  from  the  x-ray  powder  diffraction  studies.  Though 
the  rutile  phase  was  more  dominant  in  the  resultant  product,  the  presence 
of  a small  amount  of  anatase  persisted  except  when  the  experimental 
temperature  was  approximately  200°C.  When  sintered  anatase  or  titanium 
gel  was  used  as  charge,  it  yielded  better  results,  for  example,  the  resultant 
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product  contained  more  or  less  uniformly  sized  or  monodispersed  par- 
ticles with  a high  degree  of  crystallinity,  and  interestingly,  the  rutile  phase 
was  formed  as  a prominent  phase  with  a better  yield.  Better  results,  in  this 
sense,  meant  good  photocatalytic  activity  because  of  the  monodispersed 
particles  with  a high  degree  of  crystallinity.  Similarly,  the  authors  have 
tried  TiCl4  as  charge,  and  the  resultant  product  contained  both  anatase  and 
rutile.  The  formation  of  a single  phase  required  the  proper  selection  of  pH 
of  the  media  and  crystallization  temperature.  The  present  authors  have 
carried  out  the  Ti02  synthesis  within  a wide  range  of  pH  values  of  the 
media.  When  the  pH  of  the  medium  was  low  (pH  = 1 to  2)  only  rutile  phase 
was  formed.  When  the  pH  was  kept  even  lower,  i.e.,  in  the  negative  range, 
the  product  contained  a small  amount  of  anatase  also.  As  the  pH  of  the 
medium  was  increased,  the  product  contained  essentially  anatase  with 
very  little  rutile.  Thus,  with  the  addition  of  KOH  or  NaOH,  the  formation 
of  anatase  phase  was  favored.  With  a further  increase  in  the  pH,  i.e., 
beyond  twelve,  in  the  present  experimental  temperature,  only  an  amor- 
phous material  was  obtained.  Raising  the  temperature  results  in  the  forma- 
tion of  alkali  titanates.  Table  9.2  gives  the  results  of  the  mild  hydrothermal 
experimental  preparation  of  ultrafine  particles  of  Ti02.  Thus,  it  is  neces- 
sary to  maintain  a proper  acidity  in  the  system  in  order  to  obtain  a 
homogeneous  rutile  phase.  Similarly,  control  over  the  temperature,  time, 
and  pH  of  the  medium  helps  in  the  prepar  ation  of  a desired  particle  size 
and  shape.  When  the  reaction  temperature  and  time  were  increased,  it 
resulted  in  the  formation  of  faceted  grains  of  bigger  size.  Figure  9. 17  a and 
b shows  the  representative  photographs  of  TiO,  particles  prepared  under 
hydrothermal  conditions.  The  following  experimental  conditions  were 
maintained  for  the  preparation  of  ultrafine  rutile  particles  of  Ti02: 

Nutrient  pre-heated  anatase  phase  or  Ti  gel 

Temperature  150°C 

Duration  40  hours 


pH  2 

Fill  % 60% 

Mineralizer  1.5  M HC1 
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Table  9.2.  Hydrothermal  Experimental  Conditions  of  the  Preparation  of 
Ti02  Ultrafine  Particles 


SI. 

Nutrient 

Solvent 

% 

PH 

T 

Time 

Remarks 

No 

Fill 

°C 

Hours 

1. 

TiCE  - 2 gm 

1.5M  HC1 

60 

2 

150 

40 

Rutile  & anatase 

WO3  - 0.1  gm 

ultrafine  particles 

2. 

TiCE  - 2 gm 

1.5M 

65 

1.8 

150 

45 

Anatase  & rutile 

WO3  - 0.3  gm 

HNO3 

fine  particles 

3. 

TiCE  -2  gm 

1.5M 

60 

1.9 

160 

40 

Rutiles  & anatase 

WO3  - 0.3  gm 

HCOOH 

fine  particles 

4. 

TiCE  -2  gm 

1.5M 

55 

2.0 

160 

40 

Rutile  & anatase 

WO3  - 0.3  gm 

H2SO4 

ultrafine  particles 

5. 

TiCE  -2  gm 

1.5M  HC1 

50 

1.4 

150 

48 

Anatase  & rutile 

WO3  - 0.1  gm 

+1.5M 

HNO3 

6. 

TiCE  -2  gm 

1.5M  HC1 

60 

1.3 

160 

48 

Anatase  & rutile 

WO3  - 0.1  gm 

+1.5M 

HCOOH 

7. 

TiCE  -2  gm 

1.5  HC1  + 

60 

1.2 

150 

40 

Anatase  & rutiles 

WO3  - 0.3  gm 

1.5M 

H2SO4 

particles 

8. 

TiCE  -2  gm 

1.5M  HC1 

65 

2.8 

150 

40 

Rutile  & anatase 

WO3  - 0.3  gm 
NaOH  - 1 gm 

ultrafine  particles 

9. 

TiCE  -2  gm 

1.5M  HC1 

60 

3.4 

150 

48 

Rutile  & anatase 

WO3  - 0.1  gm 
NaOH  - 2 gm 

particles 

10. 

Ti02  -2  gm 

1.5M  HC1 

65 

4.2 

150 

60 

Na2Ti60i3 

WO3  - 0.1  gm 
NaOH  - 3 gm 

Na2Ti3CE  grains 

11. 

Ti02  -2  gm 

2.5M  HC1 

50 

1.2 

160 

55 

Anatase  & rutile 

WO3  - 0.1  gm 

particles 

12. 

Ti02  -2  gm 
WO3  - 0.3  gm 

4M  HC1 

55 

0.8 

150 

40 

Anatase  & rutile 

13. 

Ti02  -2  gm 
WO3  - 0.3  gm 
NaOH  - 6 gm 

1.5M  HC1 

55 

8.1 

200 

48 

Na2Ti3CE 

(Cont’d.) 
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Table  9.2.  (Cont’d.) 


SI. 

No 

Nutrient 

Solvent 

% 

Fill 

PH 

T 

°C 

Time 

Hours 

Remarks 

14. 

TiC>2-2  gm 
WO3  - 0.3  gm 
ethanol  - 0.1wt% 

1.5MHC1 

60 

2.8 

150 

40 

Ti02  ultrafine  particles 
with  a good  yield 

15. 

TiCF  -2  gm 
WO3  - 0.3  gm 
urea  - 0.1  wt% 

1.5MHC1 

60 

2.7 

150 

40 

Ti02  ultrafine  particles 
with  a good  yield 

16. 

TiC>2-2  gm 
WO3  - 0.3  gm 
tetrabutyl  - 
ammonium 
0.1  wt% 

1.5MHC1 

60 

3.0 

150 

38 

TiCH  ultrafine  particles 
With  a good  yield 

17. 

Titanium  gel 
2.5gm  WO3  - 
1.0  wt% 

1.5MHC1 

60 

2.8 

150 

46 

Ultrafine  particles  of 
rutile 

18. 

Sintered  anatase 
- 2.0  gm 
WO3  - 0.3  wt% 

1.5MHC1 

60 

2.2 

150 

46 

Ultrafine  particles  of 
rutile 

Figure  9.17.  Representative  photographs  of  Ti02  particles. 


Qian  et  al.  (1993)  have  reported  the  preparation  of  ultrafine 
powders  of  Ti02  by  hydrothermal  H202  oxidation  starting  from  metallic 
Ti  [9°]  This  can  be  done  in  two  steps:  i)  oxidation  of  Ti  with  an  aqueous 
solution  of  H202  and  ammonia  to  form  a gel  (Ti02,  H0O),  and  ii)  hydro- 
thermal  treatment  of  gel  under  various  conditions.  It  is  expressed  as 
follows: 
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„ oxidation  . 

Ti  + 3H202  + 20H" > Ti02'4  + 4H20 

2Ti02-j  + 2ix+l  > 2TiO,.  xH,0  + 0 . + 40H 

TiOvxH.O  hydrQ'hemlal,  TjQ  + x Hl0 
treatment 

It  is  well  known  that  the  photocatalytic  activity  in  Ti02  increases  with  the 
addition  of  Mo03,  W03,  or  other  active  element.  Therefore,  the  present 
authors  have  introduced  W03  into  the  composition  of  Ti02  from  5 and  10 
wt%  by  adding  the  required  amount  of  W03  into  the  nutrient  (starting 
materials)  and  tested  all  the  samples  in  the  photocatalytic  degradation  of 
hydrocarbons.  It  is  to  be  noted  that  the  introduction  of  W03  up  to  10  wt% 
did  not  change  the  homogeneity  of  the  resultant  product  except  for  a slight 
increase  in  the  cell  volume.  Also,  the  grain  morphology  and  size  did  not 
alter  significantly. 

In  some  experiments,  the  authors  have  introduced  a very  small 
quantity  of  tetra  butyl  ammonium  hydroxide  or  ethanol  or  urea.  Addition 
of  these  organics  enhances  the  crystallization  kinetics  greatly  and  also 
increases  Ti02  yield.  However,  the  concentration  of  these  organics  was 
maintained  at  < 0. 1 wt%  as  it  alters  the  size  and  shape  of  the  particles. 

Figure  9.18  shows  the  TEM  micrographs  of  Ti02  powder  pre- 
pared by  hydrothermal  treatment  of  gel.  Chen  et  al.  (1995)  have  prepared 
Ti02  powders  with  different  morphologies  by  an  oxidation  hydrothermal 
combination  method. [89]  The  effects  of  carboxymethyl  cellulose  sodium 
(CMC),  HN03,  Al3+  and  K+  (F  ) additives  on  the  particle  shape  and 
crystalline  structure  are  also  discussed  by  these  authors.  They  also 
studied  the  crystallization  of  Ti02  in  great  detail,  the  influence  of  hydro- 
thermal  conditions,  pH,  reaction  temperature,  time  and  mineralizer.  Fig- 
ure 9.19  shows  the  TEM  micrographs  of  the  products  with  different 
mineralizers. [80] 


Figure  9.18.  TEM  micrographs  of  Ti02  powder. 1X91 
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Figure  9.19.  TEM  micrographs  of  Ti02  powder  prepared  by  hydrothermal 
treatment  of  Gel:  (a)  in  distilled  water  at  140°C  for  12h,  (b)  in  distilled  water  at 
200°C  for  12h,  (c)  in  distilled  water  with  0.5wt%  mineralizer  of  CMC  at  140°C 
for  12h,  (d)  in  1.0N  nitric  acid  solution  at  140°C  for  12h,  (e)  in  1.0M  nitric 
solution  at  140°  for  24h,  (f)  in  1.5N  nitric  solution  at  140°C  for  12h,  (g)  in  1.0N 
nitric  acid  solution  with  mineralizer  of  0.5wt%  KF  at  140°C  for  12h,  (h)  in  1.0  N 
nitric  acid  solution  with  mineralizer  of  0.5wt%  KF  at  140°C  for  12h,  and  (i)  in 
LON  nitric  acid  solution  with  mineralizer  of  0.5wt%  A1(N03)3  at  140°C  for 
12h.|fi0l  (Courtesy  of  the  American  Chemical  Society,  Washington,  DC.) 
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Here,  it  is  impossible  to  discuss  the  application  of  TiO-,  in  great 
detail,  because  of  the  enormous  amount  of  literature  data  available  with 
reference  to  the  photochemical  transformations  of  organic  and  inorganic 
compounds,  and  the  catalyst  properties,  for  example,  the  honeycomb 
structured  porous  titania  as  an  odor  remover;  improving  the  durability  of 
automotive  catalyst;  using  Ti02  photocatalyst,  the  destruction  of  phenol  in 
water, [93]  and  degradation  of  a large  variety  of  trihalomethyl  radicals.1941 
Similarly,  wastewater  can  also  be  treated.!95!  Byrappa  et  al.  (1999)  have 
studied  the  photocatalytic  degradation  of  HCCH,  and  DDT  where 
complete  mineralization  occurs  via  the  formation  of  benzophenone  de- 
rivative Eq.  (10). 


Scheme  1 


Eq.  (9)  HCCH  + 402  + 5H20  + OH- 


>6HC1  + 6C02  + 4H2 


DDT  + 8 H20  + 10  02  14  02  + 8H2  + 5 HC1 


Eq.  (10) 
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In  a typical  experiment,  solution  of  hexachlorocyclohexane  (30  mg)  with 
acetone  (20  ml)  taken  in  a flat  bottomed  flask  was  treated  with  0.1N 
sodium  carbonate  (5  ml)  and  then  diluted  with  distilled  water  until  turbid- 
ity persisted.  At  this  junction,  one  or  two  drops  of  acetone  were  added  to 
clear  the  solution.  To  this  test  solution  ~20mg  of  Ti00  doped  with  W03 
was  added  and  kept  in  sunlight.  Under  similar  conditions,  a blank  solution 
(without  Ti02)  was  also  tested.  TLC  followed  the  progress  of  the  reaction. 
At  regular  intervals,  aliquots  of  the  reaction  mixture  were  removed  from 
both  the  flasks  and  extracted  into  ether  separately.  It  was  then  spotted  on  a 
TLC  plate  and  developed  in  different  solvent  systems.  The  identification 
of  spots  was  done  by  keeping  the  TLC  plates  in  an  iodine  chamber.  It  was 
observed  that,  as  the  reaction  time  increased,  the  concentration  of  an- 
thracene decreased  and  after  2-4  hrs,  complete  disappearance  of  HCCH 
occurred.  Similar  treatment  was  given  to  DDT,  which  took  5-6  hrs  for 
complete  mineralization. 

Several  authors1 [96]-[98]  have  carried  out  the  preparation  of  magne- 
tite powder.  In  the  pure  Fe203-H20  system,  a-Fe203  (hematite)  is  stable 
up  to  about  550°C.  Above  this  temperature,  up  to  710°C,  mixtures  of  a- 
Fe203  and  Fe304  are  stable.  Runs  above  7 10°C  yield  magnetite  (Fe304)  as 
the  only  stable  phase.  Viswanthiah  et  al.  (1980)  have  conducted  experi- 
ments in  the  temperature  interval  1 00-600 °CJ95]  Traces  of  magnetite  are 
found  to  be  stable  even  at  temperatures  as  low  as  100°C.  From  100  up  to 
200°C,  iron  formate  (C9H9Fe04-2FL0)  and  hematite  (a-Fe203)  are  the 
major  phases  along  with  traces  of  magnetite.  HCOOH  is  used  as  the 
mineralizer,  and  it  contributes  to  the  formation  of  siderite  phase  also. 
Further,  the  liberation  of  carbon  monoxide  in  the  system  creates  a reduc- 
ing environment,  which  promotes  the  stabilization  of  Fe304  rather  than  of 
Fe203.  Thus,  perfect  octahedral  crystals  of  magnetite  are  formed  at  250°C. 
Figure  9.20  shows  hydrothermally  grown  magnetite  crystals,  as  well  as 
aggregates. 


Figure  9.20.  Hydrothermally  grown  magnetite  crystals.  (Photo  courtesy  of  Dr.  J. 
A.  K.  Tareen.) 
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Although  there  are  several  methods  of  preparing  crystalline  iron 
oxide  powders,  hydrothermal  and  sol-gel  techniques  are  supposed  to  be 
the  most  popular  ones.  Hirano  and  Somiya  (1976)  have  obtained  magne- 
tite crystals  under  hydrothermal  conditions  in  the  presence  of  hydro- 
gen J9?l  The  hydrogen  for  the  control  of  the  reduced  atmosphere  was 
supplied  by  the  reaction  of  charged  metallic  iron  with  water  d98l  The 
experiments  were  carried  out  at  550°C  and  1000  kg/cm2.  As  the  concen- 
tration of  hydrogen  was  increased,  the  (110)  faces  of  magnetite  were 
found  to  predominate  over  the  (111)  faces.  The  authors  have  used  10M 
NaOH  as  the  solvent.  No  hematite  formation  was  reported.  Dendritic 
magnetite  crystals  were  grown  in  5M  NH4C1  solution  at  500°C  under  1000 
kg/cm2.  Figure  9.21  shows  the  dendritic  magnetite  crystals  grown  in  5M 
NFI4C1  solution  in  5.3M  mole  hydrogen. 


Figure  9.21.  Dendrite  magnetite  crystals  grown  in  5M  NH4C1  solution  5.3M 
mole  Hydrogen.198! 

Chen  and  Xu  (1998)  have  prepared  Fe304  particles  of  nanometer 
size  hydrothermally  from  iron  (II)  2-methoxyethoxides  (Fe(OMOE)0), 
using  2-methoxy ethanol  (MOE)-water  mixed  solvent  as  the  medium.1831 
As  in  the  Ti00  preparation,  here  also  the  reaction  conditions  such  as 
solvent,  temperature,  and  time  usually  have  important  effects  on  the 
resultant  products.  These  authors  have  shown  that  the  particle  size  of 
Fe304  powders  increase  with  prolonged  reaction  time. 

In  recent  years,  hydrothermal  synthesis  of  magnetite  in  the  pres- 
ence or  absence  of  organic  chelating  agents,  oxidation  of  ferrous  solutions 
using  KN03,  and  solvothermal  methods  have  become  popular.1"11 1001  The 
ability  to  direct  the  morphology  of  magnetite  particles  may  be  a key 
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feature  in  the  development  of  new  applications,  particularly  if  other 
physical,  chemical  and  electronic  properties  are  retained.  The  formation 
of  iron  oxide  phases  is  often  influenced  by  the  addition  of  secondary 
additives  to  aqueous  systems  containing  either  soluble  or  insoluble  pre- 
cursors of  the  iron  oxides.  There  have  been  quite  a few  reports  dealing 
with  the  influence  of  transition  metals  on  the  dissolution-precipitation 
reactions  in  which  iron  oxides  can  participate  under  hydrothermal  condi- 
tions. McGarvey  and  Owen  (1996)  have  obtained  magnetite  under  hydro- 
thermal  conditions  at  150°C  and  175°C  in  the  presence  of  hydrazine  and 
copper  (II)  oxide. f98!  In  the  absence  of  CuO,  octahedral  crystals  of  magne- 
tite corresponding  to  the  literature  data  are  found.  In  the  presence  of  CuO, 
magnetite  crystals  with  distorted  morphology  were  prepared1"1  in  which 
the  crystal  faces  were  absent,  leaving  a framework  structure  of  corners  and 
edges.  (See  Fig.  9.22.)  Substitution  of  NiO,  ZnO,  or  Ag90  produced 
somewhat  different  results.  Thus  copper,  as  a result  of  having  three 
accessible  oxidation  states  [Cu(O),  Cu+1  and  Cu+2]  and  rapid  electron 
transfer  between  the  species,  is  able  to  participate  in  a redox  catalytic 
mechanism  involving  hydrazine  to  facilitate  the  reduction  of  hematite  to 
magnetite  as  well  as  directing  its  morphology.  Uchida  et  al.  (1992)  have 
prepared  micaceous  iron  oxide  by  the  oxidation  of  iron  with  pressurized 
oxygen  in  concentrated  sodium  hydroxide  solution  at  elevated  tempera- 
ture.!100] Thus,  the  preparation  of  iron  oxide  under  hydrothermal  condi- 
tions is  an  attractive  field. 

There  are  several  other  reports  in  the  literature  on  hydrothermal 
synthesis  of  simple  oxides  like  Mn304,  PbO,  V02,  Ge02,  Sn02,  V903, 
R903,  ln903,  Bi203,  CdO,  HgO,  and  so  on. 


Figure  9.22.  Magnetite  crystals  with  distorted  morphology.!"] 
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9.7  HYDROTHERMAL  SYNTHESIS  OF  MIXED  OXIDES 

Mixed  oxides  form  one  of  the  most  important  modern  materials. 
The  group  includes  aluminates,  garnets,  spinel,  metal  oxides  with  com- 
plex structures,  and  so  on.  Especially  in  the  last  three  to  four  years,  the 
number  of  these  complex  oxides  is  increasing.  Here,  we  discuss  the 
hydrothermal  synthesis  of  only  some  important  complex  oxides. 

9.7.1  Hydrothermal  Synthesis  of  Aluminates 

The  majority  of  the  aluminates  form  in  pure  water  at  elevated 
temperatures  (>500°C)  and  pressures  (>1000  atm).  The  hydrothermal 
reaction  involving  divalent  metals  takes  place  through  MeO  + A1903  — > 
MeAl204. 

Since  pure  water  is  used  in  the  synthesis  of  these  oxides,  their 
solubility  is  very  low,  and  to  obtain  100%  output,  it  is  necessary  to 
maintain  the  ratio  of  Me0/Al903  in  the  nutrient  at  1:1 — i.e.,  to  the  near 
stoichiometry.  Aluminates  crystallize  as  small  crystals  of  < 0. 1 mm.  The 
aqueous  solutions  of  NaOH  are  preferable  in  the  synthesis,  however, 
crystallization  of  aluminates  of  transitional  metals  (Fe,  Co,  Ni)  takes  place 
with  the  formation  of  corresponding  oxides.  Litvin  and  Popolitov  (1984) 
have  carried  out  the  synthesis  of  aluminates  of  Ca,  Be,  Zn,  Fe,  Co  and  Ni 
under  hydrothermal  conditions.1 1(11 1 

For  alkaline  earth  metals  (Me0/Al203  > 2:1)  the  characteristic 
feature  is  the  formation  of  hydrogarnets  of  type  Me3Al206-6H90.  Crowley 
(1964)  has  carried  out  the  synthesis  of  Me3Al206-6H00  in  the  system 
Ca0-Al903-H20,  at  temperatures  less  than  250°C  and  partial  pressure  of 
water  500-800  atm  T1 021-11  °4I  In  pure  water,  100%  output  is  achieved  at 
Me0/Al903  ratio  in  the  nutrient  equal  to  3:1.  The  stoichiometry  of  the 
nutrient  may  be  strongly  inclined  towards  the  surplus  MeO  while  synthe- 
sizing in  the  aqueous  solutions  of  NaOH.  Moreover,  in  the  synthesis  of 
strontium  hydrogarnet,  it  is  shown  that  the  monophase  synthesis  sharply 
increases  in  the  highly  concentrated  solutions  as  shown  in  Fig.  9.23  for  the 
system  Sr0-Al903-Na0H-H90  at  500°C. [105]  The  crystals  are  either  cubic 
or  rhombic  dodecahedral  in  habit.  Synthesis  takes  place  at  Ca0/Al203  > 
5:1  within  the  temperature  interval  300-450°C.1 1051  Figure  9.24  shows  the 
habit  of  the  calcium  aluminate  crystals.  Similarly,  the  strontium  alumi- 
nates form. 
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Figure  9.23.  Phase  diagram  for  the  system  Sr0-Al203-Na0H-H20  at  500°C.[1051 


Figure  9.24.  Habit  of  the  calcium  aluminate  crystals.1 104^ 
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In  weakly  concentrated  solutions,  new  phases  like  Si^AlpO^, 
plate-like  crystals  of  aluminates  belonging  to  the  rhombohedral  symmetry 
with  space  group  Pmma  are  obtained. 

In  the  system  Na90(K20)-Bi203-AF,03-H20  bismuth  tetra- 
aluminate,  Bi9Al409  crystals  have  been  synthesized  under  hydrothermal 
conditions.  i103l  The  crystallization  occurs  at  higher  concentration  of  A1903 
in  the  nutrient  in  the  order  of  45-90  wt%.  The  pure  phase  occurs  only 
when  the  molar  ratio  of  Bi203:Al203:H00  = 0.8:0.05:1,  and  with  a rise  in 
concentration  of  NaOH,  the  monophase  synthesis  reduces.  This  is  con- 
nected with  the  structure  becoming  unstable  with  the  rise  in  the  concentra- 
tion of  NaOH.  These  crystals  belong  to  the  rhombic  system  with  special 
group  Pbam,  and  the  crystals  have  (110)  and  (001)  forms.  However,  the 
size  of  the  crystals  is  < 1.0  mm. 

9.7.2  Hydrothermal  Synthesis  of  Antimonites  and  Antimonates 

Oxides  of  trivalent  antimony  belong  to  the  group  of  antimonates. 
Among  hydrothermally  synthesized  rare  earth  penta-antimonites,  R3Sb5012 
and  In3Sb5012  are  the  important  ones.1  IOfT  I l0Xl  Following  are  the  penta- 
antimonites  obtained  by  hydrothermal  technique: 

In3Sb5Op,  La3Sb5Op,  Pr3Sb5012,  Tb3Sb5012,  Yb3Sb5012 

The  synthesis  of  these  compounds  is  usually  carried  out  by  the  hydro- 
thermal  technique  within  the  temperature  interval  450-550°C  and  AT  = 
0.5  to  1.0°C,P=  110-1 100  atm. 

Variation  in  the  ratio  of  R203 (ln20 3)/Sb  203  in  the  nutrient  limits 
the  crystallization  of  the  product  with  the  appearance  of  Sb203  crystals. 
Higher  concentration  of  KF  or  CsF  results  in  formation  of  K3RF6  and  both 
of  these  phases  often  reduce  the  output  of  penta-antimonites,  field. 

Penta-antimonite,  In2Sb5012  forms  in  the  aqueous  solutions  of 
KHF2,  KF  (45-55wt%)  and  CsF  (20  wt%).  The  crystals  are  1-2  mm  in 
size.  The  basic  forms  are  hexagonal  (1120)  and  trigonal  (0110)  prisms, 
pyramids  (01T2),  (1011),  (0221)  and  (132  T).  This  compound  has  three 
polymorphic  modifications  and  two  are  reversible  transformations:  trigo- 
nal a-form  (<140°C),  trigonal  /3-form  (140-450°C)  and  cubic  y-form 
(>450°C).O°7]  Figure  9.25  shows  the  In3Sb5019  crystals  obtained  under 
hydrothermal  conditions. 0°81  These  crystals  show  interesting  piezoelec- 
tric and  ferroelectric  properties. 
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Figure  9.25.  In3Sb5012  crystals  obtained  under  hydrothermal  conditions) 1081 


Similarly,  Sc3Sb5012  crystallizes  in  the  aqueous  solutions  of  KF 
with  concentration  up  to  60  wt%.  The  synthesis  of  scandium  penta- 
antimonite  takes  place  simultaneously  with  the  formation  of  K3ScF6  and 
attains  70%  output  in  30%  KF  solution;  In  aqueous  solutions  of  CsF  with 
concentrations  of  12-60  wt%  and  Sc203/Sb203  ratio  > 1:1,  Sc3Sb5012 
crystallizes  with  100%  output.  The  morphology  of  these  crystals  is  similar 
to  that  of  indium  analogue. [108] 

Rare  earth  antimonites  with  a general  formula  R3Sb5012 
(R=  La,  Pr,  Ti  and  Yb)  are  the  important  compounds  in  this  group.  d°9l  It  is 
interesting  to  note  that  the  lanthanum  penta-antimonite  crystallization 
field  does  not  exist  and  its  crystallization  in  aqueous  solutions  of  KF  with 
concentrations  of  5-50  wt%  is  always  accompanied  by  the  related  phases. 
Stefanovich  et  al.  (1982)  have  studied  the  phase  transformations  in  these 
rare  earth  antimonites  in  detail.  [110J  In  the  presence  of  an  oxidizing  agent, 
divalent  antimony  oxidizes  up  to  the  pentavalent  state  forming  antimonates 
and  producing  H[Sb(OH)6]6  acid.  They  are  poorly  soluble  in  water.  There 
are  several  antimonate  minerals  and  among  the  synthetic  varieties,  only  a 
few  compounds  have  been  obtained:  Na[Sb03],  Na3Sb3[Sb2On]  and 
SbfSb04l  J1 1 'T1 121  Figure  9.26  shows  (a)  the  field  of  crystallization  of 
antimonites  in  the  system  Na20-Sb103-Sb105-H00,  and  (b)  field  of  syn- 
thesis of  antimonites.  Figure  9.27  shows  the  field  of  crystallization  of 
antimony  antimonates  at  (a)  lower  and  (b)  higher  oxygen  potential.11 1 1 ! 
Synthesis  is  carried  out  in  aqueous  solutions  in  70%  NaOH,  60%  KF 
and  13%  KHF9,  at  temperature  550°C,  with  60-70%  fill,  and  a tempera- 
ture gradient  of  20-35°C.  In  order  to  stabilize  the  pentavalent  antimony, 
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10-15%  F1202  is  added.  In  Sb005,  the  rich  region  (2.5:1)  forms  NaSb03; 
with  the  change  in  the  oxygen  potential  in  the  system,  other  phases 
crystallizing  in  the  system  are  Sb3+Sb5+04  and  Na3Sb33+Sb15+011.  In 
highly  concentrated  aqueous  solution  of  NaOH  (>42%),  Na3Sb33+Sb-,5+01 , 
crystals  are  formed  into  prisms  up  to  5 mm  size.  In  this  system,  the  field  of 
crystallization  of  Sb3+Sb5+04  with  100%  output  doesn’t  exist. 
Antimonates  can  be  crystallized  in  the  aqueous  KF  solutions  with 
concentration  60%  and  98%  KHF2  at  temperatures  of  450-550°C  and 
60-70%  fill.O11]  In  aqueous  KFIFt  solutions,  only  two  phases  are  formed: 
Sb003  and  Sb3+Sb5+04.  The  antimony  antimonates  exhibit 
antiferroelectric  properties. 


Figure  9.26.  (a)  Field  of  crystallization  of  antimonates  in  the  system  Na20- 
S h 203  - Sb20 s - H 20  and  (b)  field  of  synthesis  of  antimonites. 

N(Sb203/Sb205) 


Figure  9.27.  Field  of  crystallization  of  antimonates  at  (a)  lower  and  (b)  higher 
oxygen  potentials. 0*0 
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9.7.3  Hydrothermal  Synthesis  of  Garnets 


Garnet,  Y3A15012,  has  extensively  been  used  as  a host  lattice  for 
luminescent  ions  and  as  substrates  for  the  epitaxial  deposition  of  magnetic 
garnets  for  magnetic  bubbles.  For  these  applications,  large  defect  free 
crystals  are  requested.  Though  garnets  are  ordinarily  grown  from  the  flux, 
the  hydrothermal  technique  is  particularly  suitable  for  the  preparation  of 
these  mixed  oxide  crystals  of  high  quality  and  large  size.  Such  growth  is 
easier  to  control  on  a seed  and  it  takes  place  at  a lower  temperature  than  the 

flux  growthJ113HH5j 

Yttrium  aluminum  garnet,  Y3A15012,  crystallization  has  been 
studied  in  a variety  of  solvents  including  (C03)-,  (OH)-  and  halides. 
Among  these,  higher  temperatures  of  synthesis  are  required  for  growth. 
Laudise  and  Kolb  (1962);  Kolb  and  Laudise  (1975)  have  studied  the  phase 
equilibria  of  Y3A15019,  and  Y3Fe5012  in  the  systems  Y903-A1903-H90 
and  Y903-Fe903-H20  respectively.!1 16k117]  Brochier  et  al.  (1972)  and 
Toudic  andPassaret  (1974)  have  studied  the  heteroepitaxial  growth 
of  thin  Y3Fc5  xGaxOp  and  GdyY3  yFe5_xGax012  films  under  hydrother- 
mal conditions  using  GdGaG  as  seed  plates.1 1 1X11 1 191  Similarly,  there  are 
several  other  reports  on  the  hydrothermal  epitaxial  growth  of  garnet 
films. l120Fl123i  Figure  9.28  shows  the  part  of  the  phase  diagram  A1903_ 
Y903-H90  between  350  and  450°C  at  a pressure  of  25,000  psi,  where  the 
K9C03  concentration  is  constant  at  6M.  Gd3Ga5Op  appears  to  be  incon- 
gruently  saturating  in  contrast  to  Y3A15012.  Both  growth  rate  and  quality 
were  poorer  in  (C03)=  than  in  (OH)-  at  comparable  concentrations.  Indeed, 
in  6.0M  K9C03,  under  conditions  where  growth  in  (OH)-  was  appreciable, 
seeds  grew  a negligible  amount  or  dissolved  slightly.  This  is  in  contrast  to 
A1903  (corundum)  where  (C03=),  because  of  the  higher  coefficient  of 
solubility,  gives  much  larger  rates  than  (OH)-.  Thus,  (C03=)  is  preferable 
to  (OH)-.  The  optimum  growth  conditions  for  GdGa  ared117! 


Excess  Ga203 
Solvent 

Growth  temperature 
Fill  % 

Seed  orientation 
Growth  rate 


2-3M 

420°C 

80°C 

70-72% 

(100) (111) 

as  high  as  0.6mm/day  flawed; 
improved  quality  at  rates  near 
0.25mm/day 
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These  authors  have  obtained  a wide  range  of  garnets  using  flux  grown 
nutrient: 

Gd2  34Tb0  66FesO  [ 2 
Eu  j 9GaL  i Al0  5Fe4  50 , 2 
Er2  qEu!  oFe4  3Ga0  7012 
^ri.oEu2 .0Fe4  3Ga0  7012 
^-ai.8®it.2V0.9Fe4  3012 
Ga2.oBi0  95 V o.95Fe4  05O12 

In  most  of  the  experiments  on  the  hydrothermal  growth  of  garnets, 
hydrothermal  tipping  is  used  to  avoid  the  seed  attack  during  the  warm-up 
stage. 


Figure  9.28.  Phase  diagram  AE03-Yo03-HtO  between  350  and  450°CJ1171 


736 


Handbook  of  Hydrothermal  Technology 


For  the  epitaxial  film  growth  of  0Eu2  0Fc4  3Ga0  7Op  on  (1 10) 
seeds  of  Gd3Ga5Op,  the  following  conditions  have  been  employed  by 
Laudise  and  Kolb  (1975):[116J 

Growth  temperature  : 330-445°C 

AT  : 40-80° 

Fill  % : 60-65% 

Solvent  : 10-20MKOH 

Ga203  : 0.75M 

Nijs  et  al.  (1992)  have  obtained  Mn3Al2Si3012  under  hydrother- 
mal conditions  at  temperature  550°C  and  pressure  2 kb,  and  in  the 
experimental  duration  of  14  days  J 1241  Starting  material  was  Al203-3Si02 
gel,  into  which  ground  metallic  manganese  was  added  to  obtain  a fine 
powder  with  composition  Al203-3Si02-3Mn.  This  starting  material,  plus 
excess  water,  was  taken  in  a gold  capsule  which  was  placed  in  a Tuttle 
vessel.  After  fourteen  days,  the  capsule  was  opened  to  get  small  crystals  of 
manganese  garnet.  This  material  shows  red  luminescence  from  the  Mn2+ 
ions,  which  is  quenched  at  room  temperature  due  to  energy  migration  to 
quenching  centers. 

9.7.4  Hydrothermal  Synthesis  of  Ferrite 

Ferrites  are  important  technological  materials  with  great  success 
in  the  development  of  magnetic  oxide  powders  with  a particle  size  in  the 
nanometer  range. [125]  Among  them,  barium  hexaferrite  and  manganese 
ferrite  are  the  most  important  ones.  Both  could  be  prepared  through 
solid  state  sintering,  chemical  precipitation,  melting,  and  hydrothermal 
methods. 1126H130]  Qf  these  methods,  the  hydrothermal  method  is  probably 
the  most  attractive  one,  because  the  resulting  ferrite  has  a perfect  crystal 
structure  with  a definite  composition  and  very  fine  particle  size  (usually 
smaller  than  1 pm)  and  is  almost  a monodispersed  crystal.  Therefore,  the 
product  obtained  from  hydrothermal  synthesis  can  be  used  directly  for 
ceramics  processes  without  a calcination  step. 

Kumazawa  et  al.  (1993)  have  synthesized  barium  ferrite  fine 
particles  from  an  aqueous  suspension  containing  goethite  and  barium 
hydroxide  by  the  hydrothermal  method,  and  examined  systematically  the 
relation  between  the  particle  size  and  the  reaction  conditions  commer- 
cially available,  and  also  synthetic  goethite  particles  are  used  in  the 
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hydrothermal  preparation  of  ferrites.1 131 1 The  experimental  temperature 
ranges  from  200  to  300°C.  Both  with  and  without  stirring  tech- 
niques have  been  employed  under  hydrothermal  conditions.  Alpha- 
FeOOH  is  dehydrated  to  form  a-Fe903.  The  dehydration  rate  may 
increase  with  increasing  outer  surface  area  of  the  particle.  The 
barium  ferrite  particle  may  be  formed  by  the  incorporation  of 
barium  ion  under  such  conditions  that  a-FeOFI  is  dehydrated  to  form 
«-Fc203.  Similarly,  barium  hexaferrite  particle  is  formed  by  dissolution 
followed  by  the  crystallization.  Usually  the  stalling  materials  in  the  form 
of  either  hydroxides  or  nitrates  of  iron  and  barium,  and  mineralizer  NaOFI 
and  water,  are  taken  in  the  hydrothermal  reactor  and  the  slurry  mixture 
is  heated  to  a desired  temperature.  After  the  experimental  run,  the 
suspension  is  withdrawn  from  the  reactor,  neutralized  by  a diluted  FIC1 
solution  and  then  filtered  and  washed  thoroughly  with  water.  The 
reaction  can  be  written  as  follows: 

Eq.  (1 1)  12FeOOH  + Be(OH)2  -»  Ba0-6Fe203  + 7H20 

Wang  et  al.  (1991)  have  studied  reaction  mechanism  of  producing  barium 
hexaferrites  from  a-Fe903  and  Ba(OFI)9  under  hydrothermal  conditions.1 1 32i 
Wang  et  al.  (1993)  have  studied  the  kinetics  of  the  crystallization  of 
barium  hexaferrite  in  detail. [133i  The  reaction  rate  of  producing  barium 
hexaferrite  was  highly  dependent  on  the  concentrations  of  Fe(OFI)4  (aq), 
Ba(OH)2  and  NaOFI  in  the  aqueous  solution.  These  authors  have  found 
that  the  reaction  should  be  carried  out  at  a temperature  greater  than  280°C 
to  obtain  the  main  desired  product,  Ba0-6Fe903.  A kinetic  model,  based 
on  the  homogenous  phase  reaction  has  been  built  to  describe  the  dissolu- 
tion of  y-FeOOFI  (s)  and  the  precipitation  of  the  dissolved  y-FeOOFI  (s) 
{or  Fe(OFl)_4  (aq)}  and  Ba(OFI)2  in  sequence  to  produce  the  desired 
product,  Ba0-6Fe903.  The  reaction  rate  at  280°C  is  expressed  as  a func- 
tion ofFe(OH)4  (aq)  and  Ba2+  concentration,  i.e. 


Eq.  (12) 


0.19[Fe(QH)4  aq]2  [Ba2+] 
1 + 8.6  [Fe(OFI  )4  (aq )] 


Figure  9.29  shows  the  effect  of  alkali  concentration  on  the  extent  of 
conversion  of  the  Ba0-6Fe203:  the  reaction  rate  increases  with  the  in- 
crease of  the  concentration  of  NaOFI  solution.  Fligher  concentration  of 
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NaOH  also  results  in  a higher  yield  of  the  production.  The  maximum  yield 
of  Ba0-6Fe203  achieved  is  81%  for  [OH]=2N.  In  case  of  the  nitrate 
source  for  the  nutrient,  the  particle  size  decreased  with  an  increase  in 
alkali  molar  ratio  defined  as  [0H]/[N03].  Particles  about  0.1  pm  in  size 
were  produced  at  molar  ratios  above  six.  As  the  concentration  of  NaOH 
increases,  the  mean  size  of  the  particles  decreases.  These  experimental 
evidences  may  support  the  concept  that  during  hydrothermal  treatment  at 
a constant  temperature  (e.g.,  300°C),  an  increase  in  the  crystallinity  of 
precipitated  particles  mainly  proceeds  instead  of  particle  growth  driven  by 
Ostwald  ripening. 


Figure  9.29.Effect  of  alkali  concentration  on  the  conversion  of  the  Ba0-6Fe2O3J 1331 


The  synthesis  of  manganese  ferrites  is  carried  out  in  the  same  way 
as  that  of  barium  hexaferrites.  Wolski  et  al.  (1995;  1997)  have  studied  the 
hydrothermal  synthesis  and  treatment  of  manganese  ferrites  in  de- 
tail. I129!!130]  The  main  problem  associated  with  the  manganese  ferrites  is 
the  tendency  of  manganese  to  form  an  enormous  number  of  individuals 
with  various  valencies,  different  0/Mll  ratios,  and  with  the  vacancies 
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spread  over  different  positions  of  the  sublattices.  Wolski  et  al.  (1997)  have 
studied  the  hydrothermal  treatment  of  such  phases  to  eliminate  the  non- 
magnetic traces  from  the  product  and  also  suggested  the  probable  stages  of 
conversion  of  Mn0  sFc , 0(OH)4,  for  example,  up  to  the  product  MnFe904, 
which  is  a ferri-magnetic  spinel  J 1301 

9.7.5  Hydrothermal  Synthesis  of  Complex  Oxides 

The  mixed/complex  oxides  represent  only  a small,  but  important 
and  diversified  part  of  the  entire  family  of  inorganic  compounds.  Mixed 
oxides  are  widely  used  as  superionics,  fillers,  or  pigments  in  pulp  and 
paper,  paint,  and  ceramic  electronic  industries,  and  so  on.  Most  of  these 
mixed  or  complex  oxides  have  highly  complex  structures,  and  are  highly 
heat-resistant  and  chemically  inert.  In  the  recent  years,  there  has  been  a 
growing  demand  for  these  complex  oxides,  especially  from  the  manga- 
nese family  and  other  related  transitional  metal  families  owing  to  their 
unique  layered  structures.1 1134]-!136!  These  advanced  mixed  oxides  are 
those  which  present  specific  characteristics  in  their  composition,  such  as 
pigments  for  electronics,  or  in  their  morphology,  such  as  nanometer-size 
particles.  The  hydrothermal  method  is  potentially  superior  for  low  cost 
production  of  advanced  mixed  oxides  because  complex  oxide  powders  are 
formed  directly.  The  temperature  of  synthesis  lies  between  the  boiling 
point  of  water  and  its  critical  temperature  (374°C),  whereas  the  pressure 
can  go  as  high  as  15  MPa.  The  major  advantages  are  the  use  of  inexpensive 
raw  materials  such  as  oxides,  hydroxides,  chlorides  and  nitrates,  control  of 
growth  rate,  particle  size,  stoichiometry,  particle  shape,  elimination  of 
impurities,  and  so  on. 

Among  these  mixed  oxides,  manganese-bearing  mixed  oxides  are 
very  important  as  the  majority  of  them  show  layered  structures.  Feng  et  al. 
(1996)  have  synthesized  birnessite-type  lithium  manganese  oxide,  by 
reacting  a Mn(N03)2  solution  with  a mixed  solution  of  H909  and  LiOH  at 
room  temperature. [1371  This  manganese  oxide  has  a layered  structure  with 
a single  sheet  of  crystal  water  and  lithium  ions  between  two-dimensional 
edge-shared  Mn06  octahedral  sheets.  The  interlayer  spaces  can  have  Na+, 
K+,  and  Cs+.  Such  manganese  oxides  can  be  used  as  metal  ion  adsorbents 
and  cathodes  for  lithium  rechargeable  batteries. L i38][t39]  pjgUre  9.30  shows 
the  structure  of  birnessite-type  lithium  manganese  oxides.  The  lithium 
ions  may  locate  between  the  Mn06  octahedral  sheets,  and  they  can  be 
topotactically  exchanged  with  metal  ions. 
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Figure  9.30.  Structure  of  birnessite-type  lithium  manganese  oxides.1 137! 


Manganese  oxides  like  LiMn204  are  of  particular  interest  because 
they  readily  intercalate  lithium  into  their  structures  and  are  therefore 
potentially  useful  as  the  cathode  of  lithium  batteries.  For  example,  SONY’ s 
lithium  ion  cell  uses  the  very  expensive  LiCo02  cathode.  Flence,  extensive 
research  is  currently  underway  to  find  promising  candidates  for  cathode 
materials  in  lithium  secondary  batteries  to  replace  the  expensive  cobalt 
used  in  present  commercial  cells.  A manganese  oxide  that  behaved  like 
the  layered  LiCo02  would  be  a prime  candidate  for  this  application 
because  of  its  high  free  energy  of  reaction  with  Li  and  relatively  low 
cost.1 140  The  experiments  involved  reacting  potassium  permanganate 
with  hydrochloric  acid  and  then  hydrothermally  treating  the  reaction 
mixture.  The  overall  reaction  takes  place  as  follows: 

Eq.  (13)  KMn04  + (1  - x+  2y)  / 2H20  ->  K2Mn02yH20 
+ (1  -x)  KOH  + (3  + x)  / 402 

Figure  9.31  shows  the  schematic  diagram  of  layered  manganates 
showing  a)  anlydrous  material,  and  h)  one  water  layer  and  two  water 
layers. 

Demazeau  et  al.  (1994)  have  obtained  La^MnlrOg  belonging  to 
the  perovskite  family  using  a simple  approach  of  ferromagnetic  interac- 
tions through  a 180°C  super  exchange.  The  structural  and  magnetic 
studies  have  confirmed  the  ferromagnetic  behavior  of  such  an  oxideJ135! 
Turrillas  et  al.  (1987)  have  synthesized  Ca2Pt308  under  hydrothermal 
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conditions  (T  = 528°C,  P = 170  MPa).!141!  The  platinum  ternary  oxides 
have  potential  uses  owing  to  their  good  ternary  catalytic  and  electrochemi- 
cal properties,  and  also  semiconductor,  insulator  and  metallic-conductor 
properties.  Schwartz  and  Prewitt  (1984)  have  studied  the  structure  and 
properties  of  a large  number  of  binary  and  ternary  oxides  of  platinum.  !1421 
Usually  KOH  and  water  are  used  as  mineralizers.  These  platinum  com- 
pounds/oxides are  insoluble  in  water,  nitric  acid,  hydrochloric  acid,  or  hot 
aqua-regia,  but  soluble  in  hot  hydrobromic  acid.  The  most  prominent 
feature  of  Ca,Pt308  is  that  it  has  three  polymorphic  modifications  (tet- 
ragonal, orthorhombic  and  hexagonal). 


(a) 


(b) 


(c) 
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Figure  9.31.  Schematic  diagram  of  layered  manganates  showing  (a)  anhydrous 
material,  (b)  one  water  layer,  and  (c)  two  water  layers.1140! 
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In  recent  years,  there  is  a growing  interest  for  stabilized  yttria, 
ceria,  and  zirconia  based  catalysts,  which  also  act  as  structural  and  elec- 
tronic promoters  of  heterogeneous  catalytic  reactions  and  as  oxide  ion 
conducting  solid  electrolytes  in  electrochemical  cells. t143H145]  \ series  of 
solid  solutions  based  on  the  perovskite  type  structure  showing  the  above 
mentioned  physical  and  chemical  properties  are  being  hydrothermally 
prepared.  The  prominent  members  among  them  are: 

BaZr1_xMx03_x  (M  = Al,  Ga,  In;  x = 0.20) 

SrZr03_a  (M  = Al,  Ga,  In;  x = 0.20) 

Cei_xPrx02_5 

Cej xBix02(5  and  so  on. 1 146 H l4CJl 

The  preparation  of  these  solid  solutions  is  earned  out  usually  at 
temperatures  of  150  to  250°C  under  autogeneous  pressure.  Morey  type 
autoclaves,  or  other  commercially  available  autoclaves  like  Parr,  or 
Berghoff  autoclaves  provided  with  Teflon®  liners  are  used  for  the  synthe- 
sis of  these  oxides.  The  pH  is  maintained  usually  at  higher  levels  (>  10). 
The  commonly  used  solvents  are  KOH  or  NH4OH.  Figure  9.32  shows  the 
SEM  photographs  of  BaZiq  xMx03  a (M  = Al,  Ga,  In;  x = 0.20). 

There  are  several  other  varieties  of  mixed  oxides  synthesized 
under  hydrothermal  conditions.  Hydrothermal  technique  is  especially 
suitable  for  obtaining  such  unique  structures,  which  are  impossible  to 
obtain  by  other  conventional  methods. 


BaZr03  BaZr090Al0|O3_a 

Figure  9.32.  SEM  photographs  of  BaZr1.xMx03.fl  (M  = Al,  Ga,  In,  x = 0.20)d146l 
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Figure  9.32.  (Cont’d.) 
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Processing  of  Materials 


10.1  INTRODUCTION 

The  term  processing  is  a broad  term  covering  many  branches  of 
materials  preparation,  fabrication,  or  development.  Hydrothermal  pro- 
cessing of  materials  is  used  in  a very  broad  sense  in  recent  years,  and  in  the 
21st  century,  it  will  play  a vital  role  in  materials  science  and  technology. 
Hydrothermal  processing  of  materials  encompasses  processes  like  synthe- 
sis, crystal  growth,  treatment,  fabrication,  alteration,  hot  pressing,  recy- 
cling, sintering,  etc.,  under  hydrothermal  conditions.  In  this  chapter,  we 
shall  discuss  materials  processing  under  hydrothermal  conditions  dealing 
with  the  preparation  of  ultrafine  particles,  ceramics,  whiskers,  compos- 
ites, thin  films,  and  reinforcement.  As  the  demand  for  these  materials 
increased,  the  hydrothermal  technique  gradually  underwent  a consider- 
able amount  of  modification  and  adaptation.  This  chapter  has  been  de- 
voted to  a rapid  progress  achieved  in  the  hydrothermal  technique  to  suit 
modern  technological  requirements.  The  technique  is  especially  handy  for 
the  preparation  of  ceramics  (PZT,  alumina,  zirconia,  yttria,  ceria,  and 
several  bioceramics),  epitaxial  growth  of  crystalline  thin  films,  compos- 
ites, and  ultrafine  particles  with  a desired  shape. 
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10.2  HYDROTHERMAL  PREPARATION  OF  ADVANCED 

CERAMICS 

In  the  last  twelve  years,  the  science  of  ceramics  has  undergone  a 
revolution  almost  as  dramatic  as  the  more  familiar  ones  in  electronics. 
Novel  approaches  in  preparing  and  processing  ceramic  solids  have  been 
developed,  ingenious  ways  of  circumventing  the  age-old  problem  of 
brittleness  have  been  introduced,  and  new  markets  have  opened  up  in  such 
areas  as  electronics,  sensors,  photonics,  orthopaedics,  catalysis  mixed 
ionic  and  electronic  conducting  ceramics,  advanced  nitride  ceramics, 
advanced  cements,  mineralizers,  heat  engines,  functional  ceramics  related 
to  energy  conservation  environmental  issues  and  so  on.|l||2i 

Today’s  advanced  ceramics  represent  developments  well  beyond 
the  imagination  of  even  the  few  far-sighted  scientists  of  twenty-five  years 
ago  who  first  perceived  the  remarkable  potential  of  ceramic  solids  and 
established  “ductile’  engineering  ceramics  as  a suitable  objective  for 
material  researchers  to  pursue.  Figure  10.1  shows  the  interactions  of 
ceramics  science  with  other  technical  fields. 01  Since  1980  much  atten- 
tion has  been  paid  to  hydrothermal  processing  of  fine  zirconia,  ceria,  and 
titania  powders.  Several  methods  were  used  to  prepare  fine  zirconia 
hafnia,  titania,  ceria,  PZT  particles  (powders),  under  hydrothermal 
conditions. 


Figure  10.1.  Interactions  of  ceramics  science  with  other  technical  fields,  hi  ( Courtest 
of  the  National  Academy  Press,  Washington,  DC.) 
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Applications  of  hydrothermal  reactions  in  ceramics  include  the 
following  aspects:  phase  equilibria,  ultrafine  single  crystals,  ultrafine 
amorphous,  single  crystal  growth,  hydrothermal  reaction  sintering,  hydro- 
thermal  sintering,  hydrothermal  crystallization,  dissolving,  corrosion, 
etching,  composites  (inorganic  + organic,  inorganic  + inorganic),  testing, 
thin  films,  radioactive  waste  management,  hydrothermal  oxidation,  hydro- 
thermal  decomposition,  hydrothermal  anodic  oxidation,  RESA  (reactive 
electrode  submerged  arc)  process,  etc.  Table  10.1  provides  comparison 
among  the  popularly  adopted  techniques  of  preparation  of  advanced  oxide 
powder. 


Table  10.1.  Advanced  Oxide  Powder  Process  Comparison  (Somiya,  S. 
1989) 


Conventional 

Sol-gel 

Coprecip- 

itation 

Hydrothermal 

Cost 

Low- 

moderate 

High 

Moderate 

Moderate 

State  of 
development 

Commercial 

R&D 

Commercial/ 

demonstration 

Demonstration 

Compositional 

control 

Poor 

Excellent 

Good 

Good-excellent 

Morphology 

control 

Poor 

Moderate 

Moderate 

Good 

Powder 

reactivity 

Poor 

Good 

Good 

Good 

Purity  (%) 

<99.5 

>99.9 

>99.5 

>99.5 

Calcination 

step 

Yes 

Yes 

Yes 

No 

Milling 

step 

Yes 

Yes 

Yes 

No 
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The  hydrothermal  preparation  of  very  fine  powders  is  an  excellent 
approach  to  ideal  powders.  The  ideal  powder  should  have  the  following 
parameters: 

i.  Fine  powder  less  than  1pm 

ii.  Soft  or  no  agglomeration 

in.  Narrow  particle  size  distribution 

iv.  Morphology  sphere  or  equiaxed 

v.  Chemical  composition  controllable 

vi.  Microstructure  controllable 

vii.  Unifoimity 

viii.  Free  flowing 

ix.  Less  defects Dense  particle 

x.  Less  stress 

xi.  Reactivity Sinterability 

xii.  Crystallinity 

xiii.  Reproducibility 

xiv.  Process  control 

The  shape  of  ceramic  products  obtained  under  hydrothermal 
conditions  is  highly  varied  and  some  common  hydrothermal  products  are 
listed  below: 

i.  Fine  Powder  (Single  crystals  or  Amorphous) 

ii.  Fiber 

Hi.  Flydrate  Cement 

iv.  Large  single  crystal 

v.  Sintered  body 

vi.  Film 

The  major  advantages  of  hydrothermal  processing  of  ceramics  are 
as  follows: 

i.  Fligh  quality 

ii.  Fligh  purity 
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in.  High  rate  of  reaction 

iv.  Dispersion 

v.  Better  shape  control 

vi.  Pollution  free 

vii.  Energy  saving 

viii.  Low  temperature  operation 

ix.  Use  of  large  volume  of  the  equipment 

x.  New  products 

xi.  Better  nucleation  control  and  so  on 

However,  there  are  some  disadvantages  like  equipment — autoclaves  which 
are  of  complicated  design,  and  the  fact  that  it  is  expensive;  cumbersome 
operations  like  assembling  and  dissembling;  the  fact  that  it  is  impossible  to 
observe  the  actual  process;  solubility  aspects;  and  problems  related  to 
surface  chemistry.  Table  10.2  lists  some  of  the  salient  features  of  the 
ceramic  synthesis  by  commonly  used  techniques. 

10.2.1  Hydrothermal  Preparation  of  Simple  Oxide  Ceramics 

Zirconia  ceramics  are  remarkable  materials  due  to  their  excellent 
mechanical,  electrical,  thermal  and  optical  properties. [4k5l  Physical  and 
chemical  properties  associated  with  these  characteristics  are  closely  re- 
lated to  structures  and  phase  changes.  Therefore,  numerous  studies  have 
been  undertaken  of  phase  diagrams  and  structural  changes  in  the  zirconia 
systems. There  are  many  contradictions  and  discrepancies,  espe- 
cially around  1000°C.  One  of  the  most  important  steps  in  solving  this 
problem  is  the  study  of  metastable  phase  diagramS 9HH]  Yashima  et  al. 
(1996)  have  studied  the  problem  of  diffusionless  cubic-tetragonal  (c-t') 
phase  transition,  where  t'  emphasizes  a metastable  tetragonal  phase.16! 
Thus,  it  can  be  distinguished  from  the  stable  t , which  is  formed  diffusionally. 
Figure  10.2  shows  a metastable-stable  phase  diagram  of  the  ZrO-,  -CeO, 
system  that  is  depicted  in  a composition  temperature  field.  On  cooling 
from  1650°C,  the  high-temperature  cubic  phase  (B)  transforms  without 
cationic  diffusions  into  a metastable  tetragonal  phase  below  the  tetragonal- 
cubic  transformation.  Such  metastable  phase  boundary  is  drawn  by  dashed 
and  dotted  lines. [I2] 


Table.10.2.  Ceramics  Synthesis  (from  the  works  of  M.  Yoshimura  and  S.  Somiya) 


Process 

Advantages 

Disadvantages 

Composites 

Particle  size 

Sol  gel(  hydrolysis 
of  metal  alkoxides), 
precipitation, 
coprecipitation 

High  product  purity  and 
homogeneity,  crystal  symmetry; 
metastable  compounds  with 
unique  properties;  narrow 
particle  size  distribution; 
lower  sintering  temperatures 

May  require  calcination, 
sometimes  milling;  mixed 
alkoxides  can  cause 
inhomogeneity,  non- 
stoichiometry; sometimes 
expensive  raw  materials 

Oxides;  LAS, 
mullite,  spinel, 
cordierite 

Down  to  5 nrn 
0.1  to  5 pm 

Evaporative 

decomposition 

solids 

Wide  range  of  chemical  com- 
positions; single-step  process; 
no  seperate  calcination  or 
milling  required 

Hollow  aggregates  formed; 
precursor  must  decompose 
at  low  temperatures;  excess 
carbon  impurities  may 
require  calcination 

Oxides,  nonoxides, 
composites,  fibers 

1 to  20  pm 

Hydrothermal 

processing 

High  surface  area;  99%  dense 
sintered  powders;  submicron 
particles  with  narrow  size 
distribution;  simple  equipment; 
continuous;  no  milling  or  cal- 
cination; short  reaction  times; 
lower  energy  requirements 

Requires  moderate 
temperatures/pres  sures ; 
requires  additives  (seed 
crystals),  surface  treatments 

y2o3-psz,  Eu203- 

doped  HfO?  lead- 
zirconate  titanate, 
other  oxides 

Down  to  8 nm 
( Cont  ’d. ) 
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Table.  10.2.  (Cont’d.) 


Process 

Advantages 

Disadvantages 

Composites 

Particle  size 

Rapid  expansion  of 
supercritical  fluids 

Wide  range  of  compositions 
including  amorphous  powders 
and  nonequilibrium  materials; 
fast  reaction  times  (10‘5  sec); 
lower  temperatures  than 
plasma  process 

Requires  high  pressures  and 
temperature;  corrosive 
solvents;  some  agglomeration; 
machined  nozzles  to  improve 
morphology 

Oxides;  (Si02, 
Ge02,  Si02-Ge02) 
fiber  precursors 
(polycarbosilane); 
labile,  explosive 
materials 

0.01  to  1.3  pm 
(ceramics)  < 
0. 1 pm  fiber, 

1 pm  particle 
(polymers) 

Reductive 
dehalogenation  of 
elemental  halides 

Low  temperature,  any 
combination  of  elemental 
halides  that  can  be  reduced 
by  alkali  metals 

Crystallization  requires  higher 
temperatures;  high  speed 
high-shear  stirring  needed; 
starting  materials  can  be  ex- 
pensive; reactions  are  ex- 
plosive or  combustible 

Amorphous 
precursors  of 
TiB2,  SiC,  B4C, 
and  other  borides 
and  carbides,  SiC/ 
TiC,  SiC/TiN 
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Figure  10.2.  Metastable-stable  phase  diagram  of  the  Zr02-Ce02  system.1 121 

Tani  et  al.  (1982)  have  studied  in  detail  the  effect  of  mineralizers 
on  the  crystallization  of  solid  solutions  in  the  system  Zr02-Ce02  under 
hydrothermal  conditions.  03]  Samples  prepared  by  the  coprecipitation 
method  were  treated  under  100  MPa  at  600°C  for  2-72  hours  using 
distilled  water  or  a solution  of  alkaline  metal  (Li,  Na,  K)  fluorides, 
chlorides,  bromides,  carbonates,  nitrates,  sulfates,  or  hydroxides,  as 
mineralizers. 

Somiya  et  al.  (1990)  have  given  the  following  flowchart  for  the 
hydrothermal  homogeneous  precipitation  method,  Fig.  10.3. [14]  The  auto- 
claves used  were:  i)  Tuttle  type;  ii)  500  cl;  Hi)  1000  ml;  iv)  5000  ml;  v) 
20,000  ml,  etc.  The  lining  metals  were  Pt,  Zr,  and  TiJ14l  By  this  means,  the 
authors  could  obtain  very  fine  powders  of  Zr02  and  Y203-Zr02  of  size  20 
nm,  with  a narrow  size  distribution,  very  high  purity,  excellent  sinterabil- 
ity,  less  defects  and  controllable  shapes.  Hence,  hydrothermal  processing 
provides  an  excellent  mean  fraction  by  obtaining  controlled  shape  and  size 
from  the  ceramic  particles. 
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Figure  10.3.  Hydrothermal  homogeneous  precipitation  method.114! 


In  the  hydrothermal  oxidation  of  metals,  pulverization  and  oxida- 
tion proceed  simultaneously  during  the  reaction  with  high-temperature, 
and  high-purity  water.  These  phenomena  have  been  applied  in  the  prepa- 
ration of  fine  oxide  powders  (20  to  30  nm)  of  Fe304,  Cr903,  Zr09,  Hf02, 
A1903,  and  others  at  relatively  lower  temperatures  (400  to  600°C).[15H19] 
Figures  10.4  (a-d)  show  the  fine  crystals  of  zirconia  and  ccria.1201  Figures 
10.5  (a-c)  show  the  representative  photographs  of  hydrothermally  pro- 
cessed ceramic  powders. [20J 

10.2.2  Hydrothermal  Preparation  of  Perovskite  Type  of  Mixed 

Oxide  Ceramics 

Alkaline  earth  titanates  have  always  appeared  in  two  types  of 
stable  phases:  the  pyrochlore  and  the  perovskite  structural.  Between  these, 
the  high  purity,  fine  perovskite  titanates  with  exact  stoichiometry  are 
widely  used  as  ferroelectric  materials,  owing  to  their  excellent  electric, 
pyroelectric,  semiconducting  and  electro-optic  properties.  Hydrothermal 
processing  is  a very  convenient  technique  for  the  preparation  of  various 
multicomponent  oxide  materials  that  have  maximum  utility  in  present  day 
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electronics  applications.  t21H23i  These  multicomponent  oxides  from  elec- 
tronic ceramic  or  catalytic  applications  can  be  produced  by  hydrothermal 
synthesis  at  moderate  temperatures  and  pressures  (>100°C  and  0. 1 M Pa). 
The  success  of  hydrothermal  synthesis  depends  on  the  selection  of  precur- 
sors that  are  both  reactive  and  cost  effective  as  well  as  appropriate  process 
condition  variables,  which  include  temperature,  pH,  and  reagent  concen- 
tration.[24]  In  the  last  decade,  hundreds  of  publications  have  appeared  in 
literature  devoted  to  various  aspects  for  preparation  of  these  perovskite 
type  oxides  owing  to  their  potential  applications  in  modern  technology. 
However,  it  is  impossible  to  discuss  every  aspect  of  these  perovskite  types 
of  oxides  in  this  handbook  which  is  devoted  to  all  general  aspects  of 
hydrothermal  technology. 

The  general  formula  for  perovskite  can  be  written  as  AB03,  and 
for  the  solid  solution  A(BxC[_x)03,  where  0 < x > 1,  A = Ca,  Sr,  Ba,  Pb,  and 
Bi,  B = Ti,  and  C = Zr. 


Figure  10.4.  Fine  crystals  of  zirconia  and  ceria.  (Photos  by  M.  Yoshimura.) 
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Figure  10.5.  Representative  photographs  of  hydrothermally  processed  Zr02  ce- 
ramic powders.  (Photos  courtesy  ofS.  Somiya.) 
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Kutty  and  Balachandran  (1984)  have  synthesized  crystallization  of 
perovskite  (x  = 0.5)  at  573  K starting  with  crystallization  of  PbO  and  mixed 
Zr-Ti  gels,  obtained  by  hydrolyzing  TiOCl2  and  ZrOCl2  and  NH3  (aq)425] 
Beal  (1987)  obtained  perovskite  (x  = 0.5)  at  573  K from  mixtures  of 
zirconia-titania  gels,  crystalline  PbO,  and  various  mineralizers. |2(4  The 
author  found  that  the  purity  and  morphology  of  the  product  depended  on 
the  chemical  identity  of  the  mineralizers. 

Dawson  and  Swartz  (1992)  have  synthesized  several  solid  solu- 
tions (0  < x < 1)  from  the  PZT  family  using  aqueous  gels  obtained  by 
hydrolyzing  TiCl4  and  ZrOCl2  in  basic  solutions.1271  The  slurry  obtained, 
along  with  lead  oxide  and  precursors  of  other  elements  (dopants),  was 
hydro  thermally  treated  at  573  K.  It  was  found  that  the  obtained  solids  had 
the  same  metal  ion  stoichiometry  as  the  feeding  material. 

Riman  and  his  group  have  done  excellent  work  on  the  preparation 
of  these  PZT  types  of  ceramics  and  have  studied  in  detail  the  thermody- 
namics and  kinetics  of  these  systems. I28!-!30!  Also,  they  have  developed  a 
new  approach — intelligent  engineering — in  order  to  transform  hydrother- 
mal synthesis  from  an  empirically  based  technology  to  one  that  revolves 
around  engineering  principles.  They  approached  this  problem  from  a 
multidisciplinary  perspective  of  chemistry,  chemical  engineering,  and 
physical  chemistry,  which  all  embrace  principles  of  thermodynamics  and 
kinetics. I31k32l  Thermodynamic  principles  enable  one  to  determine  how  to 
design  a reaction  to  yield  phase  pure  materials.  Without  this  knowledge,  it 
is  impossible  to  distinguish  a process  that  is  being  controlled  by  thermo- 
dynamics versus  kinetics.  These  authors  have  studied  all  the  possible 
reactions  that  may  occur  in  the  hydrothermal  medium,  more  of  a typical 
PZT  system,  for  example,  in  the  Ba-Ti  and  Pb-Ti  systems.  Following  are 
the  relevant  equilibria  in  the  Ba-Ti  and  Pb-Ti  hydrothermal  systems :[28l 

i.  H20  = H+  + OH- 

ii.  H20(gj  = F120 

Hi.  Ti02  (s)  = OF!"  - HTi03 

iv.  Ba(OH)2  (s)  = Ba2+  + 20H" 

v.  BaOH+  = Ba2+  + OFF 

vi.  BaTi03(s)  + F120  = Ba2+  + 20Ff  + Ti02(s) 

vii.  Ba(0H)2-8H20,s)  = Ba2+  + 20H"  + 8H20 

viii.  BaO(s)  + 2FP  = Ba2+  + F120 

ix.  Ba2Ti04(s)  + 2F120  = 2Ba2+  + 40Fh  + Ti02(s) 
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x.  C02(g)  - C02(aq) 

xi.  C02(aq)  + H20  = H+  + HC03' 

xii.  HCO3-  = H+  + C032- 

xiii.  BaC03(s)  = Ba2+  + C032' 

xiv.  BaC03(aq)  = Ba2+  + C032- 

xv.  BaHC03+  = Ba2+  + HCO3- 

xv i.  Ti4+  + H20  = TiOH3+  + H+ 

xv//.  TiOH3+  + H20  = Ti(OH)22+  + H+ 
xv///.  Ti(OH)22+  + H20  = Ti(OH)3+  + H+ 
x/x.  Ti(OH)3+  + H20  = Ti(OH)4(aq)  + H+ 
xx.  Ti(OH)4(aq)  = Ti02(s)  + 2H20 
xx/.  PbO(s)+  H20  = Pb2+  + 20H- 
xxii.  PbO(aq)+  H20  = PbOH+  + OH- 
xxiii.  PbOH+  = Pb2+  + OH" 
xx/v.  Pb(OH)2(s)  = Pb2+  + 20H- 

xxv.  Pb2+  + 20H-  = H+  + HPb02- 

xxvi.  Pb2OH3+  + H+  = 2Pb2+  + H20 
xxvii.  Pb3(OH)42+  = 3Pb2+  + 40H- 

xxviii.  Pb4(OH)44+  = 4Pb2+  + 40H" 
xx/x.  Pb6(OH)84+  = 6Pb2+  + 80H- 
xxx.  PbTi03(s)  + H20  = Pb2+  + 20H-  + Ti02(s) 

About  thirty  independent  reactions  consisting  of  thirty-one  species  are 
shown  above. 

Aksay  et  al.  (1996)  have  prepared  nanometer  sized  BaTi03  par- 
ticles under  hydrothermal  conditions  by  dispersing  Ti02  powders  in  a 
concentrated  aqueous  solution  of  Ba(OH)2433]  The  Ti02 particles  dissolve 
in  the  aqueous  Ba(OH)2  solution  and  lead  to  the  nucleation  of  nanometer- 
sized cubic  phase  BaTi03  particles.  In  concentrated  solutions,  the  BaTi03 
particles  grow  through  multiple  clustering.  These  authors  have  used  a 
similar  approach  to  obtain  BaTi03  films  from  organo-metallic  precursors 
at  80°C  and  below.  It  was  found  that  the  grain  size  of  the  film  depends  on 
the  nucleation  rate  of  the  BaTi03  particles. 
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For  the  preparation  of  fine  particles  of  this  perovskite  type  mixed 
oxide,  knowledge  of  stability  diagrams  under  hydrothermal  conditions  is 
very  important.  The  stability  diagram  shows  the  regions  of  reagent  con- 
centrations and  pFI  at  which  various  species  predominate  in  the  system. 
Fig.  10.6.  Thus,  the  stability  diagrams  indicate  the  optimum  synthesis 
conditions  for  which  desirable  products  are  thermodynamically  stable. 
Flowever,  the  stability  diagrams  were  considered  for  a limited  number  of 
hydrothermal  systems  on  the  assumption  that  the  aqueous  solutions  were 
ideal .[34]  [35]  They  are  especially  inaccurate  when  concentrated  electrolyte 
solutions  are  utilized  or  when  a multitude  of  competing  reactions  occur  in 
a solution,  thus  making  the  equilibrium  concentrations  of  various  species 
strongly  dependent  on  activity  coefficients.  Similarly,  the  speciation  dia- 
grams and  yield  diagrams  help  greatly  in  the  hydrothermal  synthesis  of 
phase-pure  ceramics.  Figure  10.7  shows  the  calculated  yield  of  PbTi03  in 
the  Pb-Ti-FFO  complexing  agent  system  for  various  Pb/Ti  ratios.  A 
majority  of  the  PZT  systems  incorporate  intolerable  amounts  of  alkaline 
metals,  which  are  introduced  in  the  form  of  mineralizers.  In  recent  years, 
organic  mineralizers  are  being  used  by  a large  number  of  workers.  For 
example,  Riman  (1996)  has  found  that  tetramethylammonium  hydroxide 
[N(CH3)4OH]  is  a favorable  substitute  for  alkaline  metal  hydroxide  min- 
eralizers in  producing  phase-pure  PZT.FO  Phase-pure  MeTi03  (Me  = Ca, 
Sr,  Ba)  can  be  obtained  at  input  molalities  of  Ba,  Sr,  and  Ca  greater  than  7 
x 1(F5,  1 (I6  and  5 x 1(F5,  respectively.  Otherwise,  the  relative  location  of 
the  99.995%  yield  regions  for  the  three  titanates  will  be  similar  to  the 
pattern  noted  for  stability  diagrams.  1231  In  concentrated  solutions,  the 
consumption  of  OFF  ions  is  caused  by  the  following  predominant 
reactions: 

Eq.  (1)  Me2+  + Ti02  + 20H  = MeTi03  + H20 

Thus,  2 molar  of  OFF  is  consumed  for  the  synthesis  of  1 molar  of  MeTi03, 
and  only  a relatively  small  amount  of  OFF  is  necessary  to  ensure  correct 
pFI  for  respective  alkaline  earth.  Unlike  the  synthesis  with  nitrates,  the  use 
of  metal  hydroxide  precursors  at  high  concentrations  does  not  require  the 
addition  of  a mineralizer  because  the  necessary  concentration  of  OFF 
groups  is  readily  provided  by  the  hydroxide  precursor.  To  the  contrary,  at 
dilute  concentrations  identical  amounts  of  mineralizers  are  needed,  irre- 
spective of  whether  a nitrate  or  a hydroxide  is  used  as  precursor.  However, 
the  required  mineralizer  concentration  differs  substantially  for  the  three 
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metals.  This  may  be  caused  by  the  strong,  specific  effects  of  the  chemical 
identity  of  cations  on  activity  coefficients  due  to  their  high  concentration 
to  form  alkaline-earth  titanates. 


Figure  10.6.  Stability  diagram  for  barium  titanate  system. l3b 
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Figure  10.7.  Calculated  yield  of  PbTi03  in  the  Pb-Ti-H20  complexing  agent 
system  for  various  Pb/Ti  ratios. [31^ 
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Eckert,  Jr.  et  al.  (1996)  have  proposed  in  situ  reaction  mechanism, 
and  dissolution-precipitation  reaction  mechanism.  Figs.  10.8  and  10.9J30] 
As  evident  from  these  figures,  the  in  situ  transformation  model  assumes 
that  TiO,  reacts  initially  with  dissolved  barium.  This  produces  a continu- 
ous layer  of  BaTi03  through  which  additional  barium  must  diffuse  in 
order  to  continue  reaction  until  the  TiO,  supply  is  exhausted.  The  product 
layer  may  be  either  a dense  or  a porous  layer  or  of  monocrystalline  or 
polycrystalline  nature.  The  dissolution-precipitation  model  involves  mul- 
tiple steps.  For  an  anhydrous  Ti02  precursor,  Ti-0  bonds  must  be  broken 
via  hydrolytic  attack,  to  form  hydroxy-titanium  complexes  (Ti(OH)x4  x) 
capable  of  dissolution  and  reaction  with  barium  ions  or  complexes  (Ba2+ 
or  BaOH+)  in  solution  to  precipitate  BaTi03.  In  contrast,  use  of  a hydrous 
Ti02  reactant  bypasses  some,  or  most  of  the  hydroxylation  steps.  BaTi03 
nuclei  may  either  originate  at  the  Ti02  substrate  (heterogeneous  nucle- 
ation)  or  form  directly  in  the  bulk  solution  (homogeneous  nucleation). 
When  hetereogeneous  nucleation  occurs,  the  dissolving  TiCF  particle  can 
be  encapsulated,  thereby  limiting  the  supply  of  soluble  Ti00  species 
available  to  react  with  the  barium  species.  As  with  the  in  situ  transforma- 
tion model,  this  diffusional  barrier  serves  to  slow  if  not  to  halt  the 
hydrothermal  reaction.  Such  mechanisms  of  formation  of  BaTi03  can  also 
be  applied  to  other  perovskite  type  titanates.  Figure  10.10  shows  the 
perovskite  type  alkaline-earth  titanates  prepared  under  hydrothermal  con- 
ditions. [23][33]  The  pH  0f  the  medium,  precursor  and  the  ratio  of  Me/Ti  play 
an  important  role  in  determining  the  morphology  of  these  particles. 
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Figure  10.8.  In  situ  reaction  mechanism.  I3°l 
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Figure  10.9.  Dissolution-precipitation  reaction  mechanism.!30] 


(a)  (b) 

Figure  10.10.  Perovskite  type  alkaline-earth  titanates.  (a)  See  Ref.  23  and  (b)  see 
Ref.  33. 
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The  preparation  of  alkaline-earth  titanates  has  been  carried  out 
using  non-aqueous  solutions,  which  come  under  solvothermal  synthesis. 
This  has  some  advantage,  as  the  solvothermal  synthesis  might  allow  the 
product  to  be  free  from  foreign  atoms  because  the  organic  solution,  having 
a low  relative  permittivity,  is  free  of  ionic  species.  Chen  and  Xu  (1998) 
have  synthesized  PbTi03  powder  under  solvothermal  conditions.1361  The 
stalling  materials  involved  are  amoiphous  xerogels  consisting  of  a mix- 
ture of  equivalent  molar  amounts  of  PbO  and  TiO0  (1:1  ratio),  prepared  by 
using  lead  acetylacetate  and  tetrabutyl  titanate.  The  precursor  xerogel  was 
poured  into  the  solvent  to  form  a suspension  solution  and  30.0  cm3  of  the 
suspension  was  fed  into  a 40  ml  capacity  stainless  steel  autoclave  with  a 
teflon  liner.  The  required  amount  of  methanol  was  poured  into  the  auto- 
clave and  the  autoclave  was  held  at  240°C  for  10  to  60  hours.  The 
crystallinity  increased  with  the  increasing  reaction  time. 

Although  the  crystallization  of  PbTi03  in  alcohol  solution  re- 
quired higher  temperatures  for  longer  times,  the  nanometer- sized  par- 
ticles, in  comparison  with  the  micrometer-sized  ones  derived  from  aque- 
ous solution,  exhibited  a lower  agglomeration  due  to  the  organic 
materials  having  a lower  relative  permittivity  and  a simple  mode  of  size 
distribution. 

Like  the  hydrothermal  process,  the  formation  of  PbTi03  proceeds 
in  alcohol  solution  by  a dissolution-reprecipitation  mechanism,  in  which 
the  dissolution  of  precursor  is  the  rate  controlling  stage.  In  comparison 
with  those  in  methanol,  the  reactions  in  MOE  for  the  syntheses  of  PbTi03 
powders  required  higher  temperatures  or  longer  time  because  of  MOE 
having  a lower  vaporizing  pressure  and  relative  permittivity. 

Kaiser  et  al.  (1994)  have  synthesized  BaTi03  powders  at  a tem- 
perature of  175°C  and  pressures  between  0.1  MPa  and  1 MPa,  starting 
from  TiCL.xH20  and  Ba(0H).,.8H20  in  solvents  of  pure  water,  1.5- 
pentanediol  and  in  different  mixtures  of  both  using  the  lyothermal 
method.  t3?i  Figure  10.11  shows  the  schematic  preparation  route  for 
lyothermal  synthesis  of  BaTi03. 

The  authors  could  control  the  size  and  habit  of  BaTi03  part icics 
through  the  viscosity  of  the  solvent  and  the  concentration  of  the  starting 
materials.  The  lyothermal  method  offers  a promising  means  of  producing 
various  nanocrystalline  materials  of  alkaline-earth  titanates.  Table  10.3 
lists  fine  powders  synthesized  under  hydrothermal  conditions. 
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Figure  10.11.  Schematic  preparation  route  for  lyothermal  synthesis  of  BaTi03J37' 


Table  10.3.  List  of  Fine  Powders  Synthesized  Under  Flydrothermal 
Conditions  (Courtesy  of  Prof.  S.  Somiya) 


AlO-OH 

Zr02 

ai2o3 

Zr02-Hf02 

BaFe120,9 

Sb2S3 

Sb 

ZnSi04 

FeO-OH 

Hf02 

Cr203 

Si02-Zr02 

CaSi03 

CdS 

As 

ZrSi04 

Si02-H20 

Fe304 

Cr02 

U02-Th02 

BaTi03 

FeS 

Bi 

CaC03 

Cr20,-H20 

Fe203 

Si02 

Al203-Zr02 

BaZr03 

MnS 

Au 

kTi04 

MnOHiO 

Mn02 

Nb2Os 

Al203-Ti02 

LaCrOj 

ZnS 

Pb 

Mn,04H20 

uo2 

Ti02 

Al203-Hf02 

(La,Sr)  Cr03 

Hg 

FeO 

ZnO 

NiO-Fe304 

KMF, 

Ni 

Cu20 

Co03 

Y203-Zr02 

M=Co,Mn.Fe 

Co 

NiO 

MgO 

CaO-ZtO, 

A1P04 

Cu 

CdO 

v2o3 

MgO-ZrO, 

NdP5014 

Pt 

Ce02 

Ta2Os 

Nb,05-Ti(), 

NdP04 

Ag 

Pb02 

Ta205-Ti02 

SrF2-LaF3 

Sm 

V205-Zr02 

YAG 

Ga 

kNb03  Na8[AlSi404]6(N02)2 


Ba-Ferrites 

NiFe204 

Niobates 

PbZrxTil  x03  (0.46  < x < 0.75) 

Sr-Ferrite 

ZmFe,,04 

Tantalates 

C°  io  (P04)6  (OH)2 

NixZmj_xFe204 

Vanadates 

Ba  Titanate 

CoFe204 

Mn0.5Zn0.5Fe2°4 

Titanate 

Pb  Titanate 
Rb4(Mo03)3Se03 
Tl2(Mo03)3Se03 
Na  beidellite 
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In  recent  years,  glycothermal  and  solvothermal  syntheses  are 
being  used  popularly  to  prepare  fine  powders  of  nitrides,  alumina,  iron 
oxide,  hexaferrites,  and  so  onJ38H4|l  These  methods  are  very  useful  in 
obtaining  shaped  and  sized  particles  under  relatively  lower  pressure  tem- 
perature conditions. 

10.2.3  Hydrothermal  Processing  of  Bioceramics 

Bioceramics  represent  a broad  spectrum  of  ceramic  materials 
designed  for  chemical  compatibility  and  optimal  mechanical  strength  with 
the  physiological  environment.  These  materials  are  used  for  the  repair  and 
reconstruction  of  diseased  or  damaged  parts  of  the  musculo-skeletal 
system.  Bioceramics  may  be  bioinert  (alumina,  zirconia),  resorbable 
(tricalcium  phosphate),  bio-active  (hydroxyapatite),  bio-active  glasses, 
and  glass  ceramics,  or  porous  for  tissue  in-growth  (HAp  coated  metals, 
alumina).  Applications  include  replacements  for  hips,  knees,  teeth,  ten- 
dons, and  ligaments  and  repair  of  periodontal  disease,  maxillofacial  re- 
construction, augment  and  stabilization  of  the  jaw  bone,  spinal  fusion,  and 
bone  fillers  after  tumor  surgery.14211431  Table  10.4  gives  the  types  of  biocer- 
amics and  also  the  tissue  attachment  and  bioceramic  classification.  [441 
Bioceramics  are  also  widely  used  in  dentistry  as  restorative  materials, 
gold  porcelain  crowns,  glass-filled  ionomer  cements,  dentures,  etc. 

High-density,  high-purity  (>99.5%)  A1203  (a-alumina)  was  the 
first  bioceramic,  widely  used  for  clinical  puiposes  during  the  1960s.  It  is 
used  in  total  hip  prostheses  and  dental  implants  because  of  its  combination 
of  excellent  corrosion  resistance,  good  bio-compatibility,  low  friction, 
high  wear  resistance,  and  high  strength. [45k46]  Other  clinical  applications 
of  A1203  include  knee  prostheses,  bone  screws,  alveolar  ridge  (jaw  bone), 
and  maxillofacial  reconstructs,  ossicular  (middle  ear)  bone  substitutes, 
Keratoprostheses  (Corneal  replacements),  segmental  bone  replacements, 
blade  and  screw  and  post-type  dental  implants. I45][46] 

Zirconia  (Zr02),  in  tetragonal  form,  stabilized  by  either  magne- 
sium or  yttrium,  has  also  been  developed  as  a medical-grade  bioceramic 
for  use  in  total  joint  prostheses.  The  interest  in  Zr02  is  derived  from  its 
high  fracture  toughness  and  tensile  strength.  These  improved  properties 
make  it  possible  to  manufacture  femoral  heads  for  total  hip  prostheses  that 
are  smaller  than  the  present  generation  of  A1203  heads.  Zr02  implants  are 
now  used  clinically;  however,  only  implant  survivability  data  over  a ten 
year  period  will  establish  clinical  advantages. [46k47l 
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Table  10.4.  Types  of  Bioceramic  Tissue  Attachment  and  Bioceramic 
Classification^44] 


Type  of  Attachment 

Type  of  Bioceramic 

Dense,  nonporous,  almost  inert 
ceramics  attach  by  bone  growth  by 
cementing  the  device  into  the  tissue, 
or  by  press-fitting  into  a defect 
(morphological  fixation) 

AI2O3 

Zr02 

For  porous  implants,  bone  ingrowth 
occurs,  which  mechanically  attaches 
the  bone  to  the  material  (biological 
fixation) 

Porous  hydroxyapatite 
Hydroxy  apatite -coated 
porous  metals 

Surface-reactive  ceramics,  glasses, 
and  glass-ceramics  attach  directly  by 
chemical  bonding  with  the  bone 
(bioactive  fixation) 

Bioactive  glasses 
Bioactive  glass-ceramics 
Dense  hydroxyapatite 

Resorbable  ceramics  and  glasses  in 
bulk  or  powder  form  designed  to  be 
slowly  replaced  by  bone 

Calcium  sulfate 
(plaster  of  Paris) 
Tricalcium  phosphate 
Calcium  phosphate  salts 
Bioactive  glasses 

These  materials  are  prepared  by  hydrothermal  techniques  such  as 
hydrothermal  sintering,  hydrothermal  hot  pressing  and  under  hot  isostatic 
pressure. 

The  most  significant  area  of  growth  for  bioceramics,  however, 
involves  a more  complex  material — hydroxyapatite  {Ca10(PO4)6(OH)o}, 
which  is  the  main  mineral  constituent  of  teeth  and  bones,  representing 
69%  by  weight.  Hydroxyapatite  based  bioceramics  have  been  in  use  in 
medicine  and  dentistry  for  twenty  years. [46]_[49]  It  has  the  physicochemical 
advantages  of  stability,  inertness,  and  biocompatibility.  However,  its 
relatively  low  strength  and  toughness,  produced  little  interest  among 
researchers  searching  for  bulk  structural  materials.  HAp  ceramics  do  not 
exhibit  any  cytoxic  effects,  and  HAp  can  directly  bond  to  the  bone. 
Unfortunately,  due  to  low  reliability,  especially  in  wet  environments,  the 
HAp  ceramics  can  not  be  used  for  heavy  load-bearing  applications,  like 
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artificial  teeth  or  bones.  Nevertheless,  there  has  been  a lot  of  research 
aiming  to  fabricate  more  mechanically  reliable  bioactive  ceramics  includ- 
ing, of  course,  the  HAp  materials.  Suchanek  and  Yoshimura  (1998)  have 
reviewed  in  detail  the  past,  present,  and  future  of  the  HAp-based 
biomaterials  from  the  point  of  view  of  preparation  of  hard  tissue 
replacement  implants. [50]  The  chemical  component  of  the  mineral 
constituents  of  teeth  and  bones  is  very  important  in  the  synthesis  of  HAp- 
based  biomaterials.  The  inorganic  phases  present  in  the  hard  tissues 
contain  mostly  Ca2+  and  P,  considerable  amounts  of  Na+,  Mg2+,  K+,  also 
C02_3,  F",  Cl"  and  H20.  All  these  species,  if  applied  in  appropriate  quanti- 
ties, should  be  well  tolerated  in  the  implant  by  the  surrounding  tissues. 

Presently,  the  HAp-bioceramics  are  at  the  pinnacle  stage  of  their 
development.  Powder  processing,  formation,  and  densification  have  been 
understood  quite  well,  allowing  the  control  of  chemical  composition  and 
microstructures  of  both  dense  and  porous  HAp  ceramics.  Any  new  devel- 
opments concerning  powder  preparation/shaping/densification  may  affect 
only  the  price  of  the  products,  but  are  not  expected  to  affect  their  medical 
applications,  which  are  restricted  due  to  the  nature  of  HApJ5°i 

Several  techniques  have  been  used  for  the  preparation  of  HAp 
powders.151 1-F4|  Two  main  ways  for  the  preparation  of  HAp  powders  are 
wet  methods  and  solid  state  reactions.  In  the  case  of  HAp  fabrication,  the 
wet  methods  can  be  divided  into  three  groups:  precipitation,  hydrothermal 
technique,  and  hydrolysis  of  other  calcium  phosphates.  Depending  upon 
the  technique,  materials  with  various  morphology,  stoichiometry,  and 
level  of  crystallinity,  can  be  obtained.  Solid  state  reactions  usually  give  a 
stoichiometric  and  well-crystallized  product,  but  they  require  relatively 
high  temperatures  and  long  heat-treatment  times.  Moreover,  the  sinter- 
ability  of  such  powders  is  usually  low.  In  the  case  of  precipitation, 
nanometer  size  crystals  can  be  prepared,  and  they  have  the  shapes  of 
blades,  needles,  rods,  or  equiaxed  particles.  Their  crystallinity  and  Ca/P 
ratio  depend  mainly  upon  the  preparation  conditions  and  are  in  many  cases 
lower  than  for  well-crystallized  stoichiometric  hydroxyapatite.  The  hy- 
drothermal technique  usually  gives  HAp  materials  with  a high  degree  of 
crystallinity  and  with  a Ca/P  ratio  close  to  the  stoichiometric  value.  Their 
crystal  size  is  in  the  range  of  nanometers  to  millimeters.  Hydrolysis  of 
tricalcium  phosphate,  monetite,  brushite,  or  octacalcium  phosphate,  re- 
quires low  temperatures  (usually  below  100°C)  and  results  in  HAp  needles 
or  blades  the  size  of  microns.  There  are  also  alternative  methods  of  HAp 
powders  preparation,  like  sol-gel,  flux  method,  electrocrystallization, 
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spray-pyrolysis,  freeze-drying,  microwave  irradiation,  mechano-chemi- 
cal  method,  or  emulsion  processing. 155H60] 

Many  HAp  powders  can  be  sintered  up  to  theoretical  density,  with- 
out pressure,  at  moderate  temperatures  (1000-1200°C).  Processing  at 
higher  temperatures  may  lead  to  exaggerated  grain  growth  and  decompo- 
sition of  HAp  and,  subsequently,  to  strength  degradation  HP,  HIP,  or 
HIP — post-sintering  makes  it  possible  to  decrease  the  temperature  of  the 
densification  process,  decrease  the  grain  size,  and  achieve  higher  densi- 
ties. This  leads  to  finer  microstructures,  higher  thermal  stability  of  HAp, 
and  subsequently,  better  mechanical  properties  of  the  prepared  HAp 
ceramics. [50]  HAp  ceramics,  in  a porous  form,  have  been  widely  applied  as 
bone  substitutes.  Porous  HAp  exhibits  strong  bonding  to  bone.  The  classi- 
cal way  to  fabricate  porous  HAp  ceramics  (pore  size  of  100-600  pm)  is 
through  hydrothermal  sintering  of  the  HAp  powder  with  appropriate  pore- 
creating  additives,  like  naphthalene,  paraffin,  hydrogen  peroxide,  etc., 
which  evolve  gases  at  elevated  temperatures.  Natural  porous  materials, 
like  coral  skeletons  made  of  CaC03,  can  be  converted  into  HAp  under 
hydrothermal  conditions  (250°C,  24-48  h)J61 1 Microstructure,  undam- 
aged porous  HAp  structures  can  also  be  obtained  by  HHP.|62||631  This 
technique  allows  solidification  of  HAp  powder  at  100-300°C,  30  MPa,  for 
2 hours. 

Calcium  phosphate  bone  cements  find  extensive  applications  as 
important  biomaterials.  These  are  mixtures  of  various  calcium  phos- 
phate powders,  such  as  CaHP04-2H20,  Ca4(P04)20,  CaHP04, 
Ca8H2(P04)6-5H10,  Ca(H0P04)2H20,  or  TCP  and  water,  or  another  liquid 
(for  example,  H3P04  or  Na2HP04).  The  mixture  transforms  into  HAp 
during  setting,  forming  a porous  body,  even  at  37 °C. 164 1-1 661  The  setting 
time  of  calcium  phosphate  cements  can  be  reduced  to  a few  minutes. 
Similarly,  the  decay  of  cements,  when  in  contact  with  blood,  can  be 
prevented.  Several  types  of  cements  like  HAp  clays,  consisting  of  HAp 
granules  in  a saline  solution  of  calcium  alginate,  bioactive  glass  bone 
cements,  HAp-,  TCp-,  or  bioactive  glass-reinforced  polymeric  bone  ce- 
ments, have  also  been  developed. 

The  advantages  of  the  calcium  phosphate  bone  cements  are  high 
biocompatibility,  bioactivity,  and  osteoconductivity.  The  only  serious 
disadvantage  is  their  relatively  poor  mechanical  strength.  Easy  shaping  of 
bone  cements  enables  using  them  to  fill  bone  defects  much  better  than 
HAp  solid  blocks,  which  are  difficult  to  shape,  or  HAp  powders/granules, 
which  are  difficult  to  keep  in  place.  Calcium  phosphate  bone  cements 
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may,  in  the  future,  replace  PMMA  cements  as  bone/implant  fixation,  if 
their  mechanical  properties  can  be  improved.  Moreover,  they  can  be  used 
as  fillings  of  tooth  root  canals  or  as  drug-delivery  systems.150116711681  The 
hydrothermal  method  has  several  advantages  in  treating  these  calcium 
phosphate  bone  cements  and  slurries  in  a simple  and  effective  way. 

The  future  of  HAp-based  bioceramics  lies  in  HAp-based  compos- 
ites, like  HAp-ceramic,  HAp-metal,  HAp-polymer,  HAp-collagen,  and  so 
on.  However,  there  remain  several  unanswered  questions  related  to  HAp 
bioceramics:  such  as,  is  it  possible  to  make  HAp-based  ceramics  appli- 
cable to  heavy-loaded  implants?!50!  Hydrothermal  processing  plays  a key 
role  in  the  preparation  of  bioceramics.  A combination  of  methods,  like 
sol-gel  and  hydrothermal  processing,  also  help  greatly  in  the  development 
or  processing  of  future  bioceramics. 

10.2.4  Hydrothermal  Preparation  of  Thin  Films 

This  is  one  of  the  fast  developing  areas  in  hydrothermal  research. 
The  epitaxial  growth  of  thin  films  under  hydrothermal  conditions  began 
during  the  1970s.  The  heteroepitaxial  growth  of  single  crystal  films  of 
YIG  on  GGG  substrates  by  hydrothermal  synthesis  has  been  reported  by 
many  workers.!69!-!71!  In  present  day  context,  the  method  has  been  modi- 
fied and  is  popularly  known  as  the  hydrothermal-electrochemical  tech- 
nique, which  is  a very  convenient  method  of  preparing  a wide  range  of 
films  on  substrates,  coating  of  materials,  preparation  of  multi-layered 
compounds,  functionally  gradient  materials,  and  so  on.!72!!73!  The  method 
is  especially  versatile  and  convenient,  because  of  the  lower  temperature 
and  pressure  conditions  involved  compared  to  the  conventional  hydro- 
thermal  technique  involving  very  high-pressure-temperature  condi- 
tions. Among  the  compounds  obtained  through  hydrothermal-electro- 
chemical  technique,  perovskite  type  alkaline-earth  titanates  dominate, 
followed  by  tungstates,  molybdates,  and  a series  of  solid  solutions  of 
alkaline  earth  titanates.!741-!76! 

Synthesis  of  large  PbTi03  single  crystals  and  polycrystallized 
ceramics  is  very  difficult  because  it  cracks  spontaneously  when  passing 
through  its  phase  transformation  temperature  (7c  = 490°C)  during  cool- 
ing. Possible  applications  in  electronic  and  optical  devices  have  brought 
much  attention  to  the  preparation  of  pure  PbTi03  film.  Most  of  the 
films  have  been  fabricated  by  either  rf  sputtering  or  chemical  vapor 
deposition.  However,  these  methods  have  several  disadvantages,  such 
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as  the  stoichiometric  change  of  the  film  composition  and  residue  of  source 
material,  such  as  PbCl2,  in  the  film.  Furthermore,  to  form  ferroelec- 
tric PbTi03  films  during  or  after  processing,  requires  high-temperature 
treatment,  which  causes  a reaction  of  the  film  with  the  substrate  and 
sometimes  leads  to  cracking  and/or  peeling  of  the  film.  Metal-organic 
chemical  vapor  deposition  (MOCVD)  and  sol-gel  methods  have  also  been 
applied  to  the  preparation  of  PbTi03  film. 177  H81' 

During  processing,  high  temperatures  above  500°C  are  also  needed 
to  remove  organics.  On  the  other  hand,  hydrothermal  synthesis  has  fre- 
quently been  used  in  preparing  ceramic  powders  for  a variety  of  applica- 
tions. It  is  superior  to  the  other  powder  preparation  methods  since  high- 
temperature  calcination  is  not  necessary  for  the  synthesis  of  crystallized 
ceramic  powder.  Verification  can  be  supported  by  the  experimental  re- 
sults of  hydrothermal  synthesis  of  PbTi03  powders. 

During  the  1990s,  several  authors  developed  hydrothermal  or 
hydrothermal-electrochemical  methods  to  prepare  various  double  oxides 
such  as  BaTi03  and  SrTi03  crystallized  films  directly  on  Ti-metal  sub- 
strates by  taking  advantage  of  the  hydrothermal  reactions  in  high-tem- 
perature  water  (200oC).|82H‘X)l  This  method,  in  general,  enables  us  to 
synthesize  perovskite-type  compound  AB03,  on  a B-site  metal  in  an 
aqueous  alkaline  solution  containing  A-site  elements.  It  is  increasingly 
being  used  for  the  preparations  of  BaTi03  film  by  other  groups  as  well. 

In  the  hydrothermal-electrochemical  method,  BaTi03  films  are 
produced  on  a titanium  electrode,  which  is  anodized  in  the  presence  of  an 
electrolyte  containing  Ba(OH)2  under  pressurized  conditions.  Recent  re- 
sults indicate  that  polycrystalline  BaTi03  films  can  be  prepared  at  tem- 
peratures as  low  as  55°C,  using  electrochemical  activation  in  a barium 
acetate  electrolyte  in  an  oxygen  atmosphere  J91]  This  method  has  been 
used  as  a highly  versatile  one  to  prepare  perovskite  films  of  several 
materials  such  as  BaTi03  and  SrTi03,l83H85l  CaTi03,[87l  BaFe03,[85l 
LiNb03,[85]  BaNbOJ87]  Ba0Nb3OJ87l  PbTi03,l76k92JBaW0J74]  TiCU93! 
ZnO,[94]  and  Ti03,[95]  etc. 

A closely  related  technique  for  film  formation  is  hydrothermal 
deposition  in  which  perovskite  films  are  produced  under  similar  conditions, 
but  without  electrochemical  activation.  By  this  technique,  BaTi03,l83l[96] 
SrTi03,[83]  (Ba,  Sr)  Ti03  and  BaZr03[96k97]  films  have  been  obtained. 

The  hydrothermal-electrochemical  film  formation  technique  is 
not  yet  well  established  and  there  is  not  much  information  on  the 
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electrochemical  mechanism  involved  in  the  formation  of  these  films. 
Moreover,  there  is  not  a clear  understanding  of  the  relationship  between 
the  film  formation  mechanisms  for  the  hydrothermal  method  and  those  for 
the  hydrothermal-electrochemical  method.  Most  of  the  earlier  works  on 
BaTiO,  hydrothermal-electrochemical  formation  has  been  performed  in 
two-electrode  cells,  titanium  anode  and  platinum  cathode.  In  such  a 
system,  it  is  not  possible  to  obtain  accurate,  specific,  information  on  the 
electrochemical  phenomena  occurring  at  the  titanium  anode  as  the  mea- 
sured voltage  drop  on  the  cell  is  the  result  of  processes  at  the  anode, 
cathode,  and  in  the  electrolyte. 

Kajiyoshi  et  al.  (1995)  have  described  the  autoclave  designed  for 
hydrothermal-electrochemical  treatment/preparation  of  ATi03  (A  = Ba, 
Sr)  thin  films.  It  has  a 3-electrode  technique. [89]  The  electrolytic  cell 
assembled  in  the  autoclave  is  shown  schematically  in  Fig.  10.12.  It 
accommodates  an  Ag/AgCl  external  reference  electrode  (Toshin  Kogyo, 
Tokyo,  Japan),  [981  which  enables  one  to  measure  potentials  of  electrodes 
on  a thermodynamically  meaningful  scale,  regardless  of  the  electrolysis 
conditions  J"1  The  preprocessed  Ti  substrate  and  the  platinum  plate  are 
suspended  as  the  working  electrode  (anode)  and  the  counter  electrode 
(cathode),  respectively,  by  0.5  mm  diameter  wires  of  the  same  metal  as  the 
respective  plates,  keeping  an  interval  of  30  mm  between  them  in  the 
electrolytic  cell  containing  500  ml  of  the  solution.  The  experiments  were 
earned  out  at  150°C,  an  approximate  heating  rate  being  1.5°C/min.  The  Ti 
working  electrode  was  polarized  potentiostatically  from  50°C  in  the 
heating  region  to  the  end  of  the  150°C  isothermal  region,  keeping  an 
anodic  potential  of  + 12.0V  vs.  Ag/AgCl.  The  electrolysis  current  varies 
characteristically  in  the  heating  process  and  then  remains  almost  constant 
in  the  isothermal  process.  After  the  experiment,  the  Ti  substrate  was 
washed  in  distilled  water  with  an  ultrasonic  cleaner  and  dried  at  120°C. 
Kajiyoshi  et  al.  (1995)  have  also  studied,  in  detail,  the  transport  mecha- 
nism of  film-constituting  elements.  They  propose  two  models;  the  first 
based  on  the  principle  of  tracer  technique:  i)  substitutional  transport,  ii) 
interstitial  transport.  The  second  is  the  short-circuit  path  model.  The  latter 
one  is  more  appropriate  here  to  describe  the  mass  transport  in  ATi03  (A  = 
Ba,  Sr).  Figure  10.13  illustrates  schematically  the  mass  transport  and  film 
growth  mechanisms  of  the  short-circuit  path  model.  In  this  model,  all 
the  observed  results  can  be  explained  comprehensively,  together  with  an 
atom-mixing  mechanism  accompanied  by  the  dissolution-recrystallization 
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process.  Figure  10.14  shows  representative  SEM  micrographs  of  a frac- 
tured cross  section  of  growth  films  J89!  All  the  films  have  a similar  cross- 
sectional  microstructure,  regardless  of  their  treatment  processes.  The 
advantage  thickness  of  the  thin  layer  is  ca.  0. 1-0.2  pm. 


Figure  10.12.  Electrolytic  cell  assembly  in  the  autoclaved89! 


Figure  10.13.  Schematic  representation  of  mass  transport  and  the  film  growth 
mechanism.!89! 


Figure  10.14.  Representative  SEM  micrographs  of  fractured  cross  section  of 
growth  films.  ( Photos  by  M.  Yoshimura .) 
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Such  studies  have  been  carried  out  by  several  other  workers  on 
different  compounds.  For  example,  Cho  and  Yoshimura  (1997)  have 
studied,  in  detail,  the  hydrothermal-electrochemical  synthesis  of  highly 
crystallized  barium  tungstate  films  on  tungsten  metal  substrates  at  fairly 
low  temperatures. [74]  The  hydrothermal  method  did  not  produce  a film 
because,  only  discrete  BaW04  particles  appeared  on  the  tungsten  sub- 
strate. The  electrolysis  experiments  were  carried  out  using  tungsten  sub- 
strates as  anode  (i.e.,  working  electrode)  and  a platinum  substrate  as  a 
cathode  (i.e.  counter  electrode).  A reference  electrode  (KCl-saturated 
Ag/AgCl)  was  put  in  a glass  tube  with  a capillary  tip  close  to  the  working 
electrode.  Ba(OH)2  solutions  were  made  from  redistilled  water.  Figure 
10.15  shows  the  schematic  diagram  of  the  autoclave  assembly  used  in  the 
hydrothermal  electrochemical  method.  The  authors  propose  a model  that 
interprets  the  mechanism  for  the  formation  and  growth  of  the  amorphous 
tungsten  oxide  film.  The  schematic  diagram  in  Fig.  10.16  illustrates  the 
mass  transport  and  the  amorphous  film  formation  during  anodic  oxida- 
tion. Similarly,  Fig.  10. 17  shows  the  SEM  photographs  of  sample  surfaces 
prepared  by  the  hydrothermal  electrochemical  treatments. 


Figure  10.15.  Schematic  diagram  of  the  autoclave  assembly  used  in  the  hydro- 
thermal  electrochemical  method. i74] 
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Figure  10.16.  Mass  transport  and  the  amorphous  film  formation  during  anodic 
oxidation.174! 


Figure  10.17.  SEM  photographs  of  the  sample  surfaces  prepared  by  the  hydro- 
thermal  electrochemical  treatments.  (Photos  by  M.  Yoshimura.) 
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In  general,  the  morphology,  grain  size,  and  quality,  of  the  film  can 
be  controlled  through  several  parameters,  like  temperature,  pH  of  the 
solution  at  the  interface,  electrode  current  density,  impurities  (dopants), 
and  duration  of  the  experiment.  Figure  10. 18  (a-d)  shows  the  BaW04film 
morphology  in  0.01M  Ba(OH)2  formed  during  conduction  after  a)  1 min, 
b)  15  min,  c)  20  min,  d)  25  min.  The  crystallization  was  characterized  by 
three-dimensional  nucleation  and  growth.  Thus,  the  hydrothermal  electro- 
chemical processing/treatment  of  materials  is  going  to  play  a pivotal  role 
in  futuristic  hydrothermal  research. 


Figure  10.18.  BaW04  film  morphology  in  0.01M  Ba(OH)2  formed  during  con- 
duction after  (a)  l min,  (b)  15  min,  (c)  20  min,  and  (d)  25  min.  (Photos  by  M. 
Yoshimura.) 
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10.2.5  Hydrothermal  Processing  of  Composites 

The  nature  invented  composites — wood  (cellulose  and  lignin)  and 
bone  (the  polymer  collagen  and  the  mineral  hydroxyapatite) — are  specific 
examples  that  a composite  can,  and  often  does,  have  much  more  desirable 
properties  than  the  individual  pure  or  virgin  materials  from  which  it  was 
made.  Man-made  composites  have  also  been  successful,  as  in  the  case  of 
the  rubber  tire,  which  in  its  most  common  modem  form  is  a composite  of 
vulcanized  rubber  (the  synthetic  or  natural  polymer),  carbon  filler,  and 
steel  or  polymeric  fibers.  One  reason  for  interest  in  other  man-made 
composites  is  indicated  in  Fig.  10. 19J10°1  The  high  strength-to-weight 
ratio  of  composites  is  more  favorable  than  their  ratio  of  strength  to  size. 
The  general  concept  of  composite  materials  has  great  appeal.  It  offers  the 
prospect  of  microstructurally  combining  various  classes  of  materials,  by 
design,  to  realize  superior  sets  of  properties  not  obtainable  from  any  of  the 
constituent  materials  serving  alone.  Actually,  this  is  an  old  idea  (witness 
straw  in  bricks,  horsehair  in  plaster,  and  reinforcing  bar's  in  concrete),  but 
modern  engineering  requirements  have  become  much  more  demanding, 
particularly,  with  regard  to  specific  strength  and  stiffness  for  aerospace, 
military,  and  similar'  critical  applications.  By  1947,  the  filament-wound 
glass  composite  rocket  motor  case  had  been  successfully  flown,  and  the 
associated  industrial  contractors  supported  the  Navy’s  decision  to  use 
fiberglass  motor  cases  for  the  Polaris  missiles.  Since  then,  composites 
have  served  in  successive  generations  of  rockets,  reducing  weight  and 
providing  strength  and  durability.!101!  Composites  are  highly  useful  in  the 
fabrication  of  high-performance  microelectronic  devices  consisting  of 
multilayer  substrates — multiple  layers  of  ceramic  (alumina),  metal,  and 
thin-film  organic  insulators.  The  fabrication  of  these  substrates  is  made 
difficult  by  a number  of  problems,  prominent  among  which  is  that  of 
ensuring  adhesion  between  the  different  components.  These  components 
commonly  exhibit  widely  divergent  coefficients  of  thermal  expansion  and 
fundamentally  incompatible  surface  chemistries. 

Tailoring  the  properties  of  the  interface  between  reinforcing  com- 
ponent and  matrix  is  a major  application  of  chemistry  in  improving  the 
performance  of  composites.  Failure  in  multilayer  fiber-reinforced  com- 
posite structures  often  occurs  either  at  the  fiber-matrix  interface  or  at  the 
matrix-matrix  interface.  The  surface  treatments,  now  used  to  modify  the 
surface  properties  of  reinforcing  fibers  in  composites,  are  largely  empiri- 
cal. In  this  regard,  the  hydrothermal  method  of  processing  the  materials  to 
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obtain  composites  and  multi-layers  of  ceramics  and  coating  of  substrates 
on  other  materials  is  very  significant.  The  literature  data  available  on 
composites  are  so  vast  that  it  is  impossible  to  discuss  each  and  every 
material  in  this  chapter.  Therefore,  we  have  chosen  the  most  important 
material,  namely  hydroxyapatite  based  composites,  owing  to  their  poten- 
tial applications  in  modern  technology. 


Figure  10.19.  Man-made  composites. I100!  (Courtesy  of  the  National  Academy 
Press,  Washington,  DC.) 


Hydrothermal  Processing  of  HAp  Coatings  and  HAp-Based 
Composites.  Industrial  application  of  HAp  requires  its  use  in  various 
forms,  for  example,  porous  or  dense  sintered  body.  Catalytic  and  chro- 
matographic applications  utilize  powder  HAp.  Recently,  film  HAp  has 
become  important  as  a coating  for  metal  or  ceramic  bodies,  and  tiny 
electronic  devices  such  as  sensors. 

In  order  to  overcome  the  inferiority  of  HAp  in  mechanical  proper- 
ties, the  coating  of  HAp  films  has  been  attempted  on  bioinert  materials  of 
strength  and/or  toughness,  such  as  polycrystalline  alumina  (A1203),  zirco- 
nia  (ZrOi),  titanium  metal  (Ti),  and  titanium  carbide  (TiC).  Some  methods 
are  reported  available  to  produce  thin  films  of  HAp.  HAp  coatings  on  Ti 
plates  have  been  reported  to  be  yielded  by  electrophoretic  deposition. 

One  of  the  most  important  clinical  applications  of  HAp  is  as  a 
coating  on  metal  implants,  such  as  hip  joint  prostheses.  This  concept 
combines  mechanical  advantages  of  metal  alloys  with  an  excellent 
biocompatibility,  and  bioactivity  of  HAp.  Uncoated  metal  implants  do  not 
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integrate  with  bone  because  bioinert  materials  are  encapsulated  by  dense 
fibrous  tissues  which  prevent  proper  distribution  of  stresses  and  thereby 
cause  loosening  of  the  implant.  In  the  case  of  HAp-coated  metal,  bone 
tissue  integrates  itself  completely  with  the  implant,  even  during  early 
functional  loading.  15°1 

HAp  coatings  provide  stable  fixation  of  the  implant  to  bone,  and 
minimize  adverse  reaction  by  provision  of  a biocompatible  phase.  More- 
over, the  HAp  coatings  decrease  the  release  of  metal  ions  from  the  implant 
to  the  body,  and  shield  the  metal  surface  from  environmental  attack.  In  the 
case  of  porous  metal  implants,  the  HAp  coating  enhances  bone  in-growth 
into  pores. [1021  HAp  coatings  have  been  applied  to  metals  like  Ti  alloys,  or 
Ca-Cr-Mo  alloy,  to  carbon  implants,  sintered  ceramics  like  Zr02  and 
A1903,  and  even  to  polymers  (Pm m a). 1501  There  are  various  methods  to 
fabricate  HAp  coatings.  The  common  ones  are  HIP,  spray-painting,  oxy- 
fuel  combustion  spraying  magnetron  sputtering,  flame  spraying,  ion- 
beam  deposition,  chemical  deposition  under  hydrothermal  conditions, 
electrochemical  deposition  metal-organic,  CVD,  and  sol-gel.  The  coating 
under  hydrothermal  conditions  has  been  carried  out  effectively  by  many 
workers  and  all  these  references  are  listed  by  Suchanek  and  Yoshimura 
( 1998).[5°l 

Thickness  of  the  HAp  coatings  is  usually  in  the  range  of  40-200 
pm.  With  increasing  thickness  of  coating,  concentration  of  metal  ions 
released  to  the  body  decreases;  the  coatings  must  be  thick  enough  to  resist 
resorbability  of  HAp,  which  can  be  as  much  as  15-30  pm  per  year. 
Fixation  to  the  bone  can  be  improved  if  the  HAp  coating  has  an  appropri- 
ate porosity,  which  promotes  bone,  inter-growth.  It  has  been  found  that  the 
interface  between  HAp  and  the  metal,  ceramics,  or  polymers  often  contain 
several  undesired  phases,  like  phosphides,  amorphous  phosphates,  and  so 
on,  which  decrease  chemical  stability  and  enhance  degradation  of  the 
coatings. 0°3I  Fujishiro  et  al.  (1995)  have  carried  out  a detailed  study  of  the 
coating  of  HAp  on  metal  plates  using  thermal  dissociation  of  calcium- 
EDTA  chelate  in  phosphate  solutions  under  hydrothermal  conditions. I103! 
Figures  10.20  (a)  and  (b)  illustrate  schematically  the  mechanism  of  hy- 
droxyapatite deposition  on  iron  and  titanium  plates.  The  mechanism  of 
deposition  according  to  the  authors  is  different  in  both  the  cases.  Fujishiro 
et  al.  (1995)  have  studied  the  thermodynamics  of  the  homogeneous  pre- 
cipitation of  hydroxyapatite  in  Ca  (edta)2-  - NaH9P04  solution.!72!  Figure 
10.21  shows  SEM  photographs  of  hydroxyapatite  films  formed  on  the 
surface  of  iron  plates  in  various  concentrations  of  Ca  (edta)2-  - NaH9P04 
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solutions  at  pH  = 5 and  150°C  for  four  hours. I103!  The  direct  coating  of 
HAp  and  double  coating  of  HAp  on  titanium  plates  have  been  investigated 
with  varying  pH  of  the  NaH0P04  solutions.  Depending  upon  the  pH  and 
temperature  of  deposition,  different  morphologies  of  the  hydroxyapatite 
and  monetite  particles  were  obtained.  i67] 
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Figure  10.20.  Mechanism  of  hydroxyapatite  deposition  on  iron  and  titanium 
plates.1103^ 
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Figure  10.21.  SEM  photographs  of  the  hydroxyapatite  films  formed  on  the 
surface  of  the  iron  plates.  I72!  (Courtesy  of  the  Academic  Press,  Orlando,  Florida.) 


Figures  10.22  (a,  b,  andcj  show  SEM  photographs  of  the  surfaces 
of  titanium  plates  coated  with  hydroxyapatite  (experimental  conditions 
0.05  M Ca(edta)2-  - 0.05  M NaFl2P04  solution  at  1 60°C  for  2 h)  at  a)  pFI  4, 
b)  pFI  5,  and  c)  pFI  6. 
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Figure  10.23  represents  scanning  electron  micrographs  of  the 
surfaces  and  cross  sections  of  titanium  plates  after  the  second  coating 
in  0.05  M Ca  (edta)2-  - 0.05  M NaFl2P04  solution  at  160°C  for  four  hours 
at  a)  pFI  6,  b)  pFI  9.  The  first  coating  was  earned  out  with  a solution  of  the 
same  composition  at  initial  pFI  5 and  160°C  for  two  hours.  F03! 


Figure  10.23.  Scanning  electron  micrographs  of  the  surfaces  and  cross  sections  of 
titanium  plates. [103] 


Thick  films  of  FIAp  are  also  attempted  for  the  use  of  gas  sensors. 
There  are  several  varieties  of  FIAp-based  composites  like  FIAp/bioactive 
glass  composites,  FIAp/polymer  composites,  FIAp/FIAp  (whiskers),  etc. 
Among  the  commonly  used  organics  for  FIAp/polymer  composites  are 
phosphorylated  cotton  fibers,  polymeric  substrate,  polymethyl-methacry- 
late,  poly  [bis  (sodium  carboxylatophenoxy)  phosphazc].1 103i 
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A comprehensive  study  undertaken  at  the  Tokyo  Institute  of 
Technology,  Japan,  under  the  leadership  of  Prof.  M.  Yoshimura,  has 
moved  HAp  whisker-reinforced  HAp  (HAw/HA)  composites  closer  to 
real-world  use.  Researchers  have  long  eyed  HA  implants  as  replacements 
for  natural  bone.  The  two  materials  share  the  same  chemistry,  but  the 
mesostructure  of  bone  gives  it  two  to  six  times  more  fracture  toughness 
than  HA.  This  limits  current  HAp  usage  to  small,  unloaded  implants  and 
coatings. 

HA  whisker-reinforced  composites  might  solve  the  problem.  Their 
production  requires  hot  pressing  and/or  hot  isostatic  pressing  (HIP)  at 
1000°C  to  1100°C.  Even  these  processes  fail  to  achieve  fully  dense 
samples. 

Unfortunately,  they  also  give  rise  to  a whole  new  set  of  problems. 
Many  sintering  additives  form  tricalcium  phosphate,  which  increases  HA 
biodegradability  and  reduces  implantation  lifespan.  Others  form  CaO,  a 
reactive  material  whose  volume  changes  once  inside  the  body  and  causes 
the  implant  to  crumble  and  fail.  In  addition,  any  sintering  aid  must 
promote  weak  binding  between  the  HA  whiskers  and  monolith  in  order  to 
improve  toughness  by  allowing  fibers  to  pull  free  under  stress. 

Researchers  selected  a very  broad  range  of  potential  sintering  aids 
that  shared  the  same  constituents  as  hard  tissues  and  bioactive  glasses. 
These  were  narrowed  down  by  analyzing  their  phase  diagrams  and  physico- 
chemical properties,  then  tested  in  5 wt%  additions  to  HAw/HA  compos- 
ites. They  found  that  all  sodium  phosphates  improved  sinterability  with- 
out forming  tricalcium  phosphate  or  CaO.  Beta-NaCaP04  proved  the  only 
sodium  phosphate  to  provide  the  weak  fiber-matrix  interface  needed  for 
composite  toughness  J105] 

There  are  several  kinds  of  HAp/bioactive  glass  composites.  The 
first  one  is  also  called  bioactive  glass  ceramics.  In  these  composites,  HAp 
and/or  wollastonite  or  other  crystalline  phases  crystallize  from  the  glassy 
matrix  during  an  appropriate  heat  treatment J1 0711 1111  The  bioactive  glass- 
ceramics  exhibit  strength  of  100-200  MPa,  KI  c of  1.0-2. 6 MPa,  m1/2, 
fracture  energy  of  6-26  J/m2,  and  Weibull  modulus  of  nine.  Coefficient  of 
subcritical  crack  growth  ( rj)  is  reported  to  be  in  the  range  of  18-33. 
Bioactive  glass  ceramics  maintain  high  strength  for  a longer  time  than 
HAp,  both  under  in  vitro  and  in  vivo  condi tionsJ50]  HAp/bioactive  glass 
composites  can  also  be  prepared  by  simple  sintering  of  appropriate 
HAp/bioactive  glass  powder  mixtures.  In  another  approach,  small 
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quantities  of  bioactive  glass  are  added  to  HAp  ceramics  in  order  to 
improve  densification  and/or  mechanical  properties. 

In  spite  of  high  bioactivity  and  high  biocompatibility,  superior 
(but  still  insufficient)  mechanical  properties  of  HAp  ceramics,  the 
HAp/bioactive  glass  composites  did  not  find  wide  applications  as  bone 
substitutes. 

In  contrast  with  HAp/bioactive  glass  composites,  the  HAp/  poly- 
mer composites  are  very  interesting.  Bonfield  and  co-workers  developed 
HAp/polyethylene  composites.  The  mechanical  properties  of  the  polyeth- 
ylene-HA  composition  are  similar  to  those  of  bone.  Implant  tests  of  the 
poly-ethylene-0.4  volume  fraction  HA  composites  demonstrated  develop- 
ment of  bone  bonding  between  the  natural  hard  tissue  and  the  synthetic 
implantation.  These  composites  have  the  advantages  of  ease  of  shaping  of 
the  implant  to  meet  the  patient’s  needs,  the  time  of  surgery,  formation 
of  a bioactive  bond  to  hold  the  implant  in  place,  and  mechanical 
properties  that  closely  match  those  of  the  host  tissues. [44k1I2H114J  HAp/ 
polyethylene  composites  exhibit  brittle/ductile  transition  at  a HAp 
volume  content  of  40-45  %4115]  Their  Young’s  modulus  is  in  the  range  of 
1-8  MPa,  which  is  quite  close  to  the  Young’s  modulus  of  bone.  Unfor- 
tunately, HAp/polyethylene  composites  arc  not  biodegradable. 

There  are  several  publications  in  recent  years  on  the  fabrication  of 
HAp/collagen  composites,  which  are  similar  to  bone  from  the  point  of 
view  of  chemical  composition,  but  do  not  have  such  a complex  micro- 
structure. The  composites  can  be  prepared  by  mixing  HAp  with  a collagen 
solution  with  subsequent  hardening  by  different  methods.  Suchanek  and 
Yoshimura  (1998)  have  reviewed  all  the  mechanical  properties  of  various 
HAp/polymer  composites. |S01  The  hydrothermal  method  of  processing  of 
these  composites  is  very  useful  to  achieve  the  optimum  mechanical 
properties. 


10.3  HYDROTHERMAL  PROCESSING  OF  WHISKER 
CRYSTALS 

A whisker  is  a long  filamentary  crystal,  often  containing  a single- 
screw dislocation.  A core  of  the  dislocation  usually  follows  the  whisker 
axis.  Whiskers  are  thus  single  crystals  with  a very  low  dislocation  density, 
and  are  of  special  interest  for  studies  of  the  influence  of  dislocation  on 
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properties.  Whiskers  have  unusually  high  tensile  properties  because  of 
their  low  dislocation  density.!1 16] 

The  growth  of  whisker  crystallites  is  not  new.  In  ancient  times,  the 
use  of  fire  allowed  the  development  of  a ceramic  industry.  In  the  heat  of 
pottery  kilns  (pottery  is  an  older  technology,  dating  from  about  15000 
BC),  the  clays  transformed  so  that  needle-like  crystallites  of  aluminum 
silicate  mullite  could  form  as  a dense  crack-free  mass  in  the  shapes  of 
vases,  lamps,  amphoras,  and  tiles. 017]  However,  scientific  thinking  on 
whiskers  began  during  the  19th  century  in  order  to  understand  their 
morphology,  dislocation  density,  and  other  related  defects.  Vapor  growth 
is  one  of  the  favorite  techniques  for  the  formation  of  whiskers,  followed 
by  growth  from  solutions.  Whisker  crystals  are  commonly  observed  in 
metals  and  intermetallic  alloys.  However,  interest  on  whiskers  remained 
purely  academic.  It  was  only  during  the  1990s  that  interest  on  whisker 
growth  was  rejuvenated,  owing  to  their  applications.  Therefore,  a wide 
range  of  whisker  crystals  has  been  prepared,  even  among  non-metallic, 
ceramic,  and  other  inorganic  compounds.  For  many  years,  inorganic  fibers 
and  whiskers  have  been  used  mostly  as  reinforcements  in  composites  and 
in  thermal  insulation.  Various  fibrous  materials  such  as  glass,  carbon, 
HAp,  SiC,  Si3N4,  A1203,  Zr02,  etc.,  have  been  prepared  for  such  puiposes. 
Among  natural  fibers,  asbestos  has  been  widely  used,  due  to  its  high 
tensile  strength,  chemical  stability,  and  low  cost.  Unfortunately,  its  appli- 
cation has  a great  health  risk  as  it  causes  many  serious  diseases,  including 
lung  cancer.  The  toxicity  of  widely  used  silicon  carbide  whiskers  is  stated 
to  be  only  slightly  lower.  The  carcinogenic  effect  of  the  fibrous  materials 
was  restricted  to  long  and  thin  fibers  (diameter  < 1pm,  length  > 10  pm). 
Many  commercially  available  whiskers  and  fibers  may  be  safe  from  this 
point  of  view,  however,  their  chemical  compositions  must  also  be  taken 
into  account.  Alumina,  zirconia,  titania,  silicon  carbide,  and  silicon  nitride 
are  known  as  bioinert  materials.!44!  if  the  material  is  toxic,  the  surrounding 
tissue  dies.  If  the  material  is  nontoxic  and  biologically  inactive  (bioinert), 
a fibrous  tissue  of  valuable  thickness  forms.  If  the  material  is  nontoxic  and 
biologically  active,  an  interfacial  bond  forms.  In  this  respect,  HAp  is 
known  as  the  most  biocompatible  material.  It  has  been  used  in  medicine 
for  many  years  in  the  form  of  small  unloaded,  implants,  powders,  and 
coatings. 

Fibrous  HAp  can  be  used  as  insulating  agents,  packing  media  for 
column  chromatography,  etc.  It  is  a very  promising  material  for  prepara- 
tion of  composites.  In  recent  years,  because  of  their  excellent 
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biocompatibility,  HAp  whiskers  are  the  most  studied  whiskers.  HAp 
contains  non-toxic  species,  such  as  Ca,  P,  OH-,  usually  C02_3,  and,  even  if 
some  of  the  crystals  have  a dangerous  shape,  they  should  dissolve  in  a 
human  body  without  causing  any  health  problems.  It  has  been  reported 
that  different  kinds  of  proteins  are  absorbed  on  different  planes  of  HAp 
crystals.  Therefore,  if  HAp  crystals,  whose  particular  planes  grow  selec- 
tively, are  obtained,  they  can  separate  various  kinds  of  proteins.  Nagata  et 
al.  (1994)  has  obtained  plate-like  HAp  crystals  synthesized  hydrother- 
mally  with  methanol.1 1 IS| 

In  recent  years,  several  reports  concerning  the  fabrication  of  HAp 
fibers  and  whiskers  appeared  in  literature. I42! [5 i ] [54] [ t 1 9]— [ i 22]  All  prepara- 
tion techniques  for  HAp  whiskers  can  be  divided  into  two  main  groups:  i) 
the  homogenous  precipitation  method,  using  urea,  and  ii)  the  decomposi- 
tion of  chelating  agents.  The  first  method  utilizes  a continuous  increase  of 
pH  in  a solution  containing  calcium  and  phosphate  ions  at  a high  tempera- 
ture. In  the  second  case,  chelating  agents  like  EDTA,  lactic  acid,  or  citric 
acid,  are  used.  During  the  heat  treatment,  which  is  usually  carried  out 
under  hydrothermal  conditions,  Ca-complexes  with  chelating  agents  de- 
compose, followed  by  the  precipitation  of  HAp  whiskers. 

In  the  preparation  of  HAp  whiskers  by  the  first  method,  the 
resultant  product  is  always  contaminated  with  large  quantities  of  carbon- 
ate ions  and  they  have  not  been  verified,  as  yet,  to  be  single  crystals  (i.e. 
whiskers). [421  Yoshimura  and  co-workers  prepared  under  hydrothermal 
conditions  HAp  materials,  such  as  fine  needle-like  crystals  and  whiskers. 
They  prepared  HAp  whiskers  of  diameters  0.1-5  pm  and  length  30-100 
pm,  using  decomposition  of  chelating  agents.  Christiansen  and  Rirnan 
also  adopted  a similar  procedure  to  prepare  HAp  whiskers.  [42][t20]-[t23] 
The  most  significant  feature  of  these  whiskers  is  the  absence  of  C023 
species  in  larger  quantities,  but  their  Ca/P  molar  ratio  was  in  the  range  of 
1.59-1.63,  deviating  from  the  stoichiometric  value  of  1.67. 

Suchanek  et  al.  (1995)  have  obtained  several  batches  of  HAp 
crystals  under  hydrothermal  conditions.  Starting  chemicals  like  H3P04, 
Ca(OH)2,  and  lactic  acid  were  taken  in  a teflon  beaker,  inserted  into  an 
autoclave  and  hydrothermally  treated  at  200°C  for  five  hours  under  a 
pressure  of  2 MPa.1 1201  The  molar  ratios  of  lactic  acid/Ca  and  Ca/P  were 
2.0,  4.0,  6.0,  and  1.43,  1.80,  3.00,  respectively.  Figure  10.24  shows  all  the 
steps  involved  in  the  experimental  procedure  concerning  the  preparation 
of  HAp  whiskers. 02°1  Yoshimura  has  proposed  the  mechanism  of  forma- 
tion of  HAp  whiskers  under  hydrothermal  conditions  (Fig.  10.25). 
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Figure  10.24.  Steps  involved  in  the  experimental  procedure  for  the  preparation  of 
HAp.:|2l’i 
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Figure  10.25.  HAp  whiskers  under  hydrothermal  conditions  (byM.  Yoshimura)\ 12°1 


The  morphology  of  HAp  crystals  was  controlled  by  both  the  lactic 
acid/Ca  and  Ca/P  molar  ratios  in  the  starting  solution.  The  SEM  studies 
revealed  that  the  crystals  were  not  aggregated  and  had  a shape  of  hexago- 
nal rods  or  whiskers,  elongated  along  the  c-axis  (Figs.  10.26  a-d)\n^  As 
shown  in  Figs.  10.26  ( a and  b)  the  diameter  increases  with  increasing 
Ca/P  molar  ratio  in  the  starting  solution  and  is  generally  larger  for  high 
lactic  acid/Ca  molar  ratios.  The  aspect  ratio  of  HAp  crystals  is  in  the  range 
of  5-20.  It  decreases  with  increasing  Ca/P  ratio  and  is  lower  in  the  case  of 
high  lactic  acid/Caratios  Figs.  10.26  (c  and<f).  When  the  lactic  acid/Ca  and 
Ca/P  starting  ratios  are  low,  crystals  have  shapes  of  whiskers.  While  in 
other  cases  large  elongated  grains  form. 

Distributions  of  the  length  and  aspect  ratio  of  selected  whiskers 
are  shown  in  Fig.  10.27  (a  and  b).  In  this  case,  the  aspect  ratio  for  the 
majority  of  the  crystals  is  in  the  range  of  10-25.  Fength  of  the  whiskers 
shows  a big  scattering,  suggesting  that  some  of  them  might  be  broken 
during  and/or  after  the  hydrothermal  treatments. 
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Figure  10.26.  SEM  photographs  of  selected  HAp  crystals.  (Photos  courtesy  ofW. 
Suchanek. ) 
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Figure  10.27.  Distributions  of  (a)  the  length  and  (b)  the  aspect  ratio  of  selected 
whiskers.  (Courtesy  ofW.  Suchanek.) 
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The  Ca/P  molar  ratios  of  HAp  crystals  are  in  the  range  of 
1.59-1.62.  Deviation  from  the  stoichiometric  value  of  1.67  decreases 
slightly  with  increasing  lactic  acid/Ca  ratio.  It  is  difficult  to  explain  why 
whiskers  are  non-stoichiometric.  Several  theories  have  been  proposed  to 
explain  the  phenomenon  of  non-stoichiometry  in  HAp.  They  include 
adsorbed  phosphate  species  on  the  surface,  presence  of  additional  phases 
as  amorphous  calcium  phosphate  or  octacalcium  phosphate,  and  various 
combinations  of  lattice  defects.  This  is  in  agreement  with  the  model 
involving  Ca  and  OH  vacancies  and  substitution  of  some  phosphate 
groups  by  HP042_. 

To  check  the  presence  of  various  species  of  phosphates,  carbon- 
ates, hydroxides,  etc.,  the  IR-spectra  are  very  useful.  Absence  of  any 
distinct  bands  in  the  range  of  1400-1500  cm-1  indicates  that  the  HAp 
whiskers  do  not  contain  large  quantities  of  carbonate  ions.[120  Figure 
10.28  shows  the  IR-spectra  of  the  whiskers  with  improved  stoichiometry 
(Ca/P  molar  rations  1.64  and  1.67). 


wave  number  (cm ') 

Figure  10.28.  [R-spectra  of  the  whiskers  which  improved  stoichometry  (Ca/P 
molar  ratios  1.64  and  1 ,67)TI2°] 


HAp  whiskers  have  the  following  lattice  parameters:  a = 9.43 17  A 
I 0.0007  A and  c = 6.8822  + 0.0012  A.  These  values  correspond  to  HAp 
prepared  in  aqueous  systems.  Thus,  after  a critical  evaluation  of  the 
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experimental  conditions,  Yoshimura  and  co-workers  have  proposed 
that  in  the  system  Ca(OH),  - H3P04  - Citric  acid,  HAp  whisker  (30  pm 
length,  0.1-1  pm  width)  could  be  synthesized  preferentially  under  the 
conditions  of: 

i.  lower  concentration  of  Ca2+  (0.2  M) 

ii.  lower  Ca/P  molar  ratio  (1.67  for  [Ca2+]  = 0.2  M ) 

Hi.  restricted  citric  acid/Ca  molar  ratio  (1.2-1.31) 

iv.  higher  temperature  (180°C)  and  longer  duration  (2.75 
hr.  at  200°C,  220°C) 

v.  final  pH  of  3.4-3. 8 

Suchanek  and  Yoshimura  (1998)  have  studied  the  thermal  stabil- 
ity and  densification  of  HAp  whiskers  in  great  detail.1 121 

The  HAp  whiskers  have  already  been  used  as  a biocompatible 
reinforcement  in  the  HAp/HAp  (whisker)  composites  Fig.  10.29  (a). 
Consequently,  the  fracture  toughness  of  pure  HAp  ceramics  has  been 
improved  even  to  the  value  of  2.0  MPa  m,  this  is  the  highest  value  in  25 
years.  In  addition,  a variety  of  microstructurally  controlled  HAp  based 
composites  with  improved  reliability  and  high  biocompatibility  can  be 
prepared  using  /3-rhenenite  (/3-NaCaP04),  a newly  discovered  weak  inter- 
phase material  for  HAp  ceramics  (Fig.  10.30).  The  fibrous  HAp  can  also 
be  used  to  fabricate  porous  HAp  ceramics  or  porous  HAp/  /3-  TCP 
composites  as  shown  in  Fig.  10.29  (b).  Moreover,  the  HAp  fibrous  skel- 
eton should  be  an  appropriate  reinforcement  for  HAp/polymer  biodegrad- 
able bone  substitutes.  Thus,  HAp  whiskers  are  very  important  in  Materials 
Science  and  Technology. 


Figure  10.29.  (a)  Biocompatible  reinforcement  in  the  HAp/HAp  (whisker)  com- 
posites, and  (b)  HAp  whiskers  withCa/p-  1 .66.  ( Photos  courtesy  ofW.  Suchanek.) 
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Figure  10.30.  SEM  images  of  the  fracture  surface  of  the  HAp/bioactive  glass 
composite.  Notice  the  crack  deflection  on  the  b-NaCaP04  interphase  layers. 
(Photos  courtesy  ofW.  Suchanek.) 


10.4  RELATED  METHODS  OF  HYDROTHERMAL 
PROCESSING  OF  MATERIALS 

Modern  methods  of  the  hydrothermal  processing  of  materials 
cover  several  other  processing  techniques  related  to  the  hydrothermal 
method.  Although,  these  new  methods  are  not  used  widely  in  the  routine 
hydrothermal  processing,  they  have  special  applications  in  the  processing 
of  some  selected  technological  materials,  like  hydrothermal  transforma- 
tion alteration,  recycling,  densification,  solidification,  strengthening,  sin- 
tering, and  so  on.  The  most  commonly  used  processing  techniques  are 
HHP,  HIP,  hydrothermal  sintering,  microwave  hydrothermal,  hydrother- 
mal leaching,  hydrothermal  decomposition  of  toxic  organic  materials,  etc. 
These  processes  have  helped  in  the  processing/treatment  of  materials, 
increasing  their  mechanical  properties,  enhancing  the  yield,  reaction  ki- 
netics, and  so  on. 
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10.4.1  Hydrothermal  Hot  Pressing  (HHP)  and  Hot  Isostatic 

Pressing  (HIP) 

Hydrothermal  hot  pressing  (HHP)  is  one  of  the  good  processing 
routes  for  preparing  a ceramic  body  at  relatively  low  temperatures  (below 
300°C).  Yamasaki  and  co-workers  have  used  this  technique  popularly,  to 
process  a wide  range  of  materials.  The  compression  of  samples  under 
hydrothermal  conditions  accelerates  densification  of  inorganic  materials. 
This  technique  is  applied  to  solidify  many  kinds  of  materials  such  as  glass, 
silicate,  titania,  calcium  aluminate-phosphate  cement,  calcium  carbonate, 
hydroxyapatite  sewage  sludge,  and  so  on,|l23H|32l  anq  qie  method  is 
expected  to  provide  energy-effective  processing  to  fabricate  new  engi- 
neering materials.  Calcium  alumina  reacts  with  phosphate  to  form  strong 
bonding.  Using  HHP  techniques,  the  strength  of  solidified  bodies  with 
mixtures  of  alumina  cement  or  calcium  aluminates,  sodium  phosphates, 
and  silica  fume,  could  be  enhanced.  Yanagisawa  et  al.  (1993)  have  solidi- 
fied three  kinds  of  silica  powders,  crystalline  silica,  glass,  and  gel,  using 
the  HHP  method.1 1331  With  the  addition  of  an  alkaline  solution,  mixtures 
of  low-quartz  and  other  oxides  were  densified  by  this  method.  Reaction 
products  of  the  mixtures  under  alkaline  hydrothermal  conditions  are 
bonded  to  quartz  grains.  The  addition  of  pure  water  densified  silica  glass 
powders  containing  network-modifying  oxides.  In  this  case,  a hydrated 
reaction  layer  was  produced  by  the  reaction  of  the  glass  particles.  The 
silica  gel  (5  g)  was  placed  in  the  autoclave  and  compressed  at  20  MPa.  The 
autoclave  was  heated  to  300°C  at  the  rate  of  2°C/min,  while  the  pressure 
was  kept  constant  at  20  MPa  during  HHP.  The  temperature  was  kept 
constant  at  300°C  for  1 hour  and  then  the  autoclave  was  cooled  down  to 
room  temperature.  The  solidified  compact  was  removed  from  the  auto- 
clave and  dried  at  1 10°C. 

Yanagisawa  et  al.  (1997)  have  studied  the  formation  of  anatase 
porous  ceramics  by  HHP  of  amoiphous  titania  spheres  prepared  by  hy- 
drolysis of  titanium  tctracthoxidc.1 134i  After  fine  anatase  crystals  were 
formed  in  the  original  amorphous  spheres  by  HHP,  the  spherical  particles 
were  deformed  and  fine  anatase  crystals  were  flowed  into  the  interstices 
among  the  original  spheres  by  compression  from  outside  the  autoclave,  to 
form  a compact  with  homogeneous  distribution  of  fine  pores.  The  fine 
anatase  crystals  in  the  compacts  were  bonded  together  by  dissolution  and 
deposition  to  form  a compact  with  high  mechanical  strength.  The  presence 
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of  water  accelerated  the  crystallization  of  the  starting  amoiphous  titania  to 
anatase,  and  anatase  compacts  were  produced,  even  at  I 00°C.1 1341 

Yamasaki  and  his  group  of  researchers  have  worked  out  a 
method  to  solidify  sewage  sludge  incinerated  ash  by  HHP  and  investi- 
gated superior  conditions  to  solidify  ash  for  producing  recycled  products. 
The  solidified  sample  had  a high  compressive  strength  of  98  MPa  by  HHP 
at  T = 300°C,  P = 49  MPa,  NaOH  dosage  approximately  6%.  The  product 
could  be  used  as  building  materials,  such  as  tiles  and  bricks. I135]  These 
authors  have  also  worked  out  a method  of  immobilizing  and  a high- 
volume  reducing  technique  for  low-level  radioactive  waste  from  nuclear 
power  plants  or  reprocessing  plants,  through  the  hydrothermal  solidifica- 
tion method.1 1361  It  is  confirmed  through  evaluation  tests  and  a full-scale 
mock-up  test  that  this  technique  can  be  adapted  to  an  actual  system  for 
spent  solvent  treatment  in  commercial  reprocessing  plants. 

HIP  allows  rapid  densification  with  mineral  grain  growth  and  is 
one  of  the  most  effective  ceramic  densification  processes.  This  method  is 
being  popularly  employed  to  process  HAp  based  bioceramics. 037H139] 
Implant  materials  require  not  only  biocompatibility,  but  also  mechanical 
strength  and  porosity  to  promote  the  connection  with  tissues.  Therefore, 
microstructure  designing,  i.e.,  grain  size,  pore  size,  and  porosity,  are 
necessarily  tailored  in  their  application  to  bioceramics.  Hydroxyapatite 
single  crystals  of  about  255  nrn  x 90  nm  in  size  synthesized  hydrother- 
mally  at  200°C  under  2 MPa  for  10  hours,  were  normally  sintered  in  air  for 
3 hours.  The  ceramics  obtained  were  hot-isostatically  pressed  at  tempera- 
tures of  900-1 100°C  under  200  MPa  of  Ar  for  1 hour,  without  any 
capsules.  This  post-sintering  brought  about  densification  up  to  -100%  for 
the  samples.  The  fully  dense  ceramics,  with  a grain  size  of  about  0.54  pm, 
showed  transparency.  Furthermore,  dense/porous  layered  hydroxyapatite 
ceramics  could  be  prepared  by  the  same  technique,  from  the  fine  crystals 
and  coarse  powders  with  relatively  low  sinterability.  Uematsu  et  al.  (1989) 
have  synthesized  hydroxyapatite  powder  and  have  formed  it  into  a com- 
pact in  an  aqueous  medium  using  a filter-cake  method.  I13°l  The  compact 
was  hot  isostatically  pressed  at  700°C  to  1000°C  and  100  MPa  for  2 hours. 
Fully  dense,  transparent  materials  were  obtained  above  800°C.  Both 
forming  and  densification  methods  were  found  to  be  important  in  obtain- 
ing transparent  materials.  Figure  10.31  shows  a transparent  HAp  block 
obtained  through  HHPd137! 
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So  (P04)6(0B,2 

Figure  10.31.  Transparent  HAp  block  obtained  through  HHP.  (Photo  by  M. 
Yoshimura.) 


10.4.2  Hydrothermal  Reaction  Sintering  of  Processing  Materials 

Hydrothermal  reaction  sintering  is  one  of  the  methods  used  to 
produce  high-density  oxide  ceramics.  A large  variety  of  oxide  ceramics 
have  been  processed  by  this  method.  Oxide  powders  were  obtained  by 
reactions  between  solutions  or  non-aqueous  liquid  and  metals.  Hydrother- 
mal reaction  sintering  is  a kind  of  reaction  with  hot  isostatic  processing. 
The  hydrothermal  reaction  sintering  of  oxides  is  as  follows: 

a)  low -temperature  sintering  - able  to  make  sintered  body 
even  if  materials  have  high  vapor  pressure, 
decomposition;  and/or  transit 

b)  able  to  make  a very  fine  grain  size  body 

c)  able  to  make  high-purity  body 

d)  able  to  make  high-density  body 

e)  able  to  make  uniform  microstructures 

f)  able  to  save  energy  due  to  low -temperature  sintering 

g)  able  to  control  valency 

Factors,  such  as  purity,  grain  size,  shape,  etc.,  of  starting  materials,  reaction 
temperature,  pressure,  duration  time,  ratio  of  metal  and  water,  kinds  of  salt 
in  solution,  and  so  on,  have  made  hydrothermal  reaction  sintering  unclear. 
Several  ceramic  powders  have  been  processed  using  this  technique.  The 
important  ceramic  materials  obtained  by  this  method  are  magnetite,  wustite, 
monoclinic  Zr02,  chromia,  monoclinic  Hf02,  alumina,  and  so  on.1 140 H1 45 1 
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Figure  10.32  shows  the  relation  between  pressure  and  grain  size  or  relative 
density  hydrothermal  reaction  sintering  of  magnetite. 040  Figure  10.33 
illustrates  the  SEM  fracture  surface  of  high-density  hydrothermal  reaction 
sintered  Cr,03  (100  MPa,  1000°C  for  3 hours,  0.01  M FINO3  solution) 
with  a relative  density  of  99.1%d142J  Table  10.5  gives  selected  results  of 
hydrothermal  reaction  sintering  of  monoclinic  ZrO,  for  3 hr.1 141 1 Yin  et  al. 
(1996)  have  studied  the  low  temperature  sintering  and  mechanical  proper- 
ties of  ceria  and  yttria  co-doped  zirconia  crystallized  in  supercritical 
methanol.  0461 


Figure  10.32.  Relation  between  pressure  and  grain  size  or  relative  density  hydro- 
thermal  reaction  sintering  of  magnetite. I14'] 


Figure  10.33.  SEM  fracture  surface  of  high  density  hydrothermal  reaction  sin- 
tered Cr203.[142] 
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Table  10.5.  Selected  Results  of  Hydrothermal  Reaction  Sintering  of 
Monoclinic  Zr02  for  3 h[141] 


Sample  H20/Zr  Deg.  of  Temp.  Pressure  Bulk  density  Relative  Avg.  grain 
No.  fill  (%)  (°C)  (MPa)  (g/cm3)  density  (%)  size  (pm) 


3 

1.773 

19.3 

1000 

98 

5.85 

99.0* 

3 

5 

2.020 

15.5 

1000 

98 

5.51 

93.2 

1 

29 

2.063 

14.8 

1000 

98 

5.17 

87.5 

0.5 

30 

2.095 

15.0 

1000 

98 

5.38 

89.2 

0.5 

10 

2.415 

18.4 

1000 

98 

Not  sintered 

25 

2.038 

15.1 

1000 

196 

5.51 

93.2 

0.3 

28 

1.985 

15.1 

1000 

294 

5.96 

100.9 

0.1 

8 

2.012 

22.7 

1000 

490 

5.83 

98.7 

3 

7 

2.010 

20.4 

1000 

686 

5.77 

97.7 

3 

23 

2.038 

41.2 

1000 

686 

5.70 

96.4 

32 

2.016 

14.8 

1000 

98 

5.68 

96.1 

2 

40 

2.142 

14.3 

1100 

98 

Not  sintered 

41 

2.089 

14.2 

1200 

98 

Not  sintered 

39 

2.091 

14.1 

1000 

490 

Not  sintered 

0.5 

* With  gray  skin.  Gray  fine  body,  rare  case.  Capsule  leaked  slightly. 

The  preparation  and  processing  of  perovskite  type  titanates  is 
becoming  an  attractive  field  owing  to  their  unique  electronic  properties. 
However,  their  electrical  properties  are  closely  linked  to  their  microstruc- 
tural  features,  such  as  porosity  and  grain  size.1 1,71  These  authors  have 
prepared  BaTi03  powders  by  the  hydrothermal  synthesis  technique  and 
have  fired  via  a fast  sintering  process,  or  so-called  zone  sintering.  During 
fast  sintering,  a powder  compact  undergoes  a rapid  high-temperature 
thermal  treatment  by  being  brought  to  a hot  zone  within  a very  short  time. 
In  this  way,  the  densification  process  (e.g.  lattice  diffusion)  can  be  en- 
hanced while  limiting  the  grain  growth  process  (e.g.  surface  diffusion). 
With  proper  control  of  time  and  temperature,  it  can  result  in  a high-density 
ceramic  with  a fine  grain  size.  Figure  10.34  shows  the  typical  SEM 
micrographs  of  BaTi03  samples  fast-sintered  for  5 min  at:  a)  1250°C,  b) 
1300°C,  of  the  fast-sintered  samples  for  15  min  at  different  temperatures. 
Table  10.6  and  Fig.  10.35  gives  density,  grain  size,  and  dielectric  proper- 
ties of  the  sintered  BaTi03  samples. 
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Figure  10.34.  SEM  fracture  surface  of  high  density  hydrothermal  reaction  sin- 
tered Cr/'),.1 1471 


Table  10.6.  Density,  Grain  Size,  and  Dielectric  Properties  of  the  Sintered 
BaTi03  Samples^1471 


Type  of 
sintering 

Sintering 

T°C 

k' 

(30°C) 

tan  8 
(30°C) 

Grain  SizesM 
(pm) 

Density[bJ 
(g  cm1) 

T0 

(°C) 

C 

(xlO5  K) 

Conventional 

1250 

2814 

0.038 

- 4 

5.61  (93) 

108 

1.8 

1300 

2663 

0.039 

-20 

5.63  (93) 

109 

1.9 

1350 

2558 

0.037 

-28 

5.59  (94) 

112 

2.0 

Fast-5  min 

1250 

3676 

0.020 

- 1 

5.53  (92) 

84 

2.1 

1300 

3274 

0.020 

- 2 

5.65  (94) 

97 

1.7 

1350 

2892 

0.009 

- 4 

5.71  (95) 

110 

1.8 

Fast- 15  min 

1250 

2947 

0.009 

- 6 

5.76  (96) 

111 

1.9 

1300 

2721 

0.006 

-12 

5.89  (98) 

111 

2.0 

[al  Average  grain  size  determined  by  taking  the  mean  diagonal  values  of  about 
30  grains. 

M Values  in  parentheses  are  the  percentage  relative  densities  compared  to  the 
theoretical  density. 
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Temperature  (°C) 


Figure  10.35.  Dielectric  properties  ( k ' and  tan  8 ) of  BaTiO,.1 1471 


Similarly,  sintering  effects  on  hydroxyapatite  bioceramics  have 
been  studied  in  detail  by  several  workers. [148][149]  Thus,  hydrothermal 
sintering  reactions  find  interesting  applications  in  ceramic  processing. 

10.4.3  Microwave  Hydrothermal  Processing 

The  use  of  microwaves  in  solid  state  materials  processing  is  at 
least  fourteen  years  old  and  is  presently  being  employed  very  widely  to 
process  a large  variety  of  inorganic  materials.!  15°H1521  For  the  past  few 
years,  a number  of  groups  have  demonstrated  that  the  kinetics  of  organic 
and  inorganic  chemical  synthesis  may  be  significantly  accelerated  using 
2.45  GHz  microwaves.  The  acceleration  of  chemical  reactions  by  micro- 
wave  dielectric  heating  has  been  demonstrated  for  organic  synthesis,!153^154! 
organometallic  synthesis, [155][1561  and  preparation  of  intercalation  com- 
pounds!157! where  organic  molecules  have  been  intercalated  into  inorganic 
phases.  Hydrated  inorganic  zeolites  and  other  molecular  sieves  have  been 
synthesized  rapidly,  using  microwaves. !158]1159] 

Rustom  Roy  and  co-workers,  however,  were  the  first  to  show  the 
rapid  synthesis  of  anhydrous  ceramic  oxides,!160!-!162!  hydroxylated 
phases,!163!!164!  metal  powders, !163]!165]  and  metal  intercalated  clays.1 166,1 1671 
Also,  the  rapid  synthesis  of  some  inorganic  phases,  such  as  Zr09  and  Fe203, 
have  been  reported.!168!-!1701  [n  addition  to  all  the  above  quoted  inorganic 
phases,  microwave-hydrothermal  processing  is  useful  in  synthesizing 
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novel  phases.!163^171]  Komameni  etal.  (1996)  prepared  BiFe03  and  CsAF,P06 
using  microwave-hydrothermal  conditions  and  found  an  enhancement  of 
kinetics.  1172]  BiFe03  has  perovskite  structure  and  can  be  prepared  at  194°C 
under  microwave-hydrothermal  conditions  only.  The  other  phase  CsAl,P06 
is  useful  in  nuclear  waste  disposal  and  is  accomplished  at  138°C  under 
microwave-hydrothermal  conditions.  Figure  10.36  shows  SEM  photographs 
of  BiFe03  powders:  a)  highly  crystallized  agglomerated  BiFe03  powder 
prepared  by  microwave-hydrothermal  process  at  ~ 194°C  with  a duration  of 
2 to  3 hours.  Figure  10.37  shows  SEM  photographs  of  CsA12P0641721  These 
results  clearly  indicate  that  the  use  of  microwave  field  catalyzes  crystalliza- 
tion of  inorganic  phases  under  hydrothermal  conditions. 

Recently,  D’ Arrigo  et  al.  have  synthesized  nanophase  ferrites  such 
as  ZnFe204,  NiFe04,  MnFe204,  and  CoFe204,  under  microwave-hydrother- 


Figure  10.36.  SEM  photographs  of  BiFe03  powders.1 I7-I  (Courtesy  of  S. 
Komameni.) 
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Figure  10.37.  SEM  photographs  of  CsAEPOg.11721  ( Courtesy  ofS.  Komameni.) 


mal  conditions.1 1731  Nanophase  ferrites  with  high  surface  areas,  in  the  range 
of  72-247  m2/g  have  been  synthesized  in  a matter  of  a few  minutes  at 
temperatures  as  low  as  164°C.  The  rapid  synthesis  of  nanophase  ferrites  via 
an  acceleration  of  reaction  rates  under  microwave-hydrothermal  conditions 
is  expected  to  lead  to  savings  in  energy  and  the  cost  of  production  of  these 
materials. 

A majority  of  the  experiments  on  microwave-hydrothermal  pro- 
cessing are  done  using  a commercially  available  microwave  digestion 
system,  MDS-2000,  which  is  designed  by  the  CEM  corporation,  U.S.A. 
This  system  produces  a microwave  frequency  of  2.45  GHz  and  the  maxi- 
mum pressure  is  ~ 200  psi. 

Komarneni  et  al.  (1993)  have  earned  out  the  synthesis  of  BaTi03, 
SrTi03,  Ba0  5Sr0  5Ti03,  BaZr03,  SrZr03,  PbZr03,  and  Pb(Zr0  52Ti048)O3, 
using  both  conventional  and  microwave-hydrothermal  techniques.1171 1 
Conventional-hydrothermal  processing,  using  Ti02xH20  gel  and  Sr(OH)2, 
usually  yields  platy,  needles,  or  irregular  or  sub-rounded  agglomerated 
particles.  Whereas,  microwave-hydrothermal  processing  yielda  agglom- 
erate-free, narrow  particle  size  (0. 1-0.2  pm)  distribution  with  spherical 
morphology,  which  is  expected  to  have  better  sintering  properties.  Tables 
10.7  and  10.8  give  XRD  analysis  of  BaTi03,  SrTi03,  Ba0  5Sr0  5Ti03, 
BaZr03,  SrZr03,  and  PbTi03  powders  produced  by  microwave-hydrother- 
mal and  conventional-hydrothermal  techniques.  Komarneni  et  al.  (1992)  had 


Hydrothermal  Processing  of  Materials  811 


earned  out  earlier,  similar  studies  on  ceramic  powders  synthesis  (titania, 
zirconia,  iron  oxide,  chromia,  etc.),  using  both  conventional  and  microwave- 
hydrothermal  conditions,  and  had  obtained  similar  results.  Thus,  the  crystal 
size,  morphology,  and  level  of  agglomeration  of  the  different  ceramic  oxides 
can  be  controlled  by  parameters  such  as  concentration  of  the  chemical 
species,  pH,  time,  and  temperature.  Submicron  powders  of  TiCf>,  Zr02, 
Fe203;  KN03  and  BaTi03  have  been  obtained  by  this  means. I1601 

Cheng  et  al.  ( 1997)  have  studied  in  detail  the  microwave  processing 
of  tungsten  carbide-cobalt  composites  and  ferroic  titanates.1 1741  This  helps 
the  sintering  of  tool  bits  and  related  parts  with  better  properties  in  about  1/1 0th 


Table  10.7.  XRD  Analysis  of  BaTi03,  SrTi03,  and  Ba0  5Sr0  5Ti03  Pro- 
duced by  the  Microwave  Hydrothermal  Technique11711 


Concentration  (M) 

r°c 

Duration  (h) 

Reaction  products  in 
order  of  abundance  as 
determined  by  XRD 

Ba(N03)2  Sr(NO,)2 

TiCl4 

KOH 

BaTiO, 

0.35 

0 

0.33 

10 

109 

2 

BaTi03 

0.35 

0 

0.33 

10 

194 

0.5 

BaTiO, , trace  BaC03 

0.35 

0 

0.33 

10 

194 

2 

BaTi03 

SrTiO, 

0 

0.1334 

0.13 

10 

164 

2 

SrTi03 

0 

0.1334 

0.13 

10 

194 

2 

SrTi03 

Bao.5Sr0.; 

0 

;Ti03 

0.1334 

0.26 

10 

194 

2 

Bao.5Sro.5Ti03 
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Table  10.8.  XRD  Analysis  of  Titanates  Produced  by  Microwave-Hydro- 
thermal and  Conventional-Hydrothermal  Techniques!171! 


Compound  Concentration  (M) 

T°  C 

Duration  (h) 

Reaction  products  in 
order  of  abundance  as 
determined  by  XRD 

PbTi03 

PbtNOj). 

, TiCl4  KOH 

Microwave-hvdrothermal 

0.4079 

0.4  6 

138 

0.5 

PbO,  PbTiO, 

0.4079 

0.4  6 

138 

1.0 

PbO,  PbTiO, 

0.4079 

0.4  6 

164 

0.5 

PbO,  PbTiO, 

0.4079 

0.4  6 

164 

1.0 

PbO,  PbTiO, 

0.3 

0.25  2 

194 

0.5 

PbTi03,  PbO 

0.3 

0.25  3 

194 

0.5 

PbTi03,  trace  PbO 

0.3 

0.25  4 

194 

0.5 

PbTi03,  trace  PbO 

Conventional-hvdrothermal 

0.4079 

0.4  4 

195 

24 

PbTiO, 

BaZrO, 

Ba(N03)2 

Zr(N03)2  KOH 

Microwave-hvdrothermal 

0.3113 

0.3144  10 

194 

2 

BaZr03 

0.3113 

0.3144  10 

130 

2 

BaZr03 

Conventional-hvdrothermal 

0.3113 

0.3144  10 

194 

2 

BaZr03 

SrZr03 

SrZrO, 

Zr(N03)2  KOH 

Microwave-hvdrothermal 

0.3113 

0.3113  10 

138 

0.5 

SrZr03 

0.3113 

0.3113  10 

138 

1 

SrZr03 

0.3113 

0.3113  10 

164 

0.5 

SrZr03 

0.3113 

0.3113  10 

164 
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the  cycle  time  required  by  conventional  means,  and  most  significantly,  it  can 
help  in  retaining  very  fine  microstructures  when  starting  with  very  fine 
powders. 

Komarneni  et  al.  (1995)  have  studied  the  microwave-hydrother- 
mal processing  of  metal  clusters  supported  in  and/or  on  montmorillo- 
nitc.1 1751  The  authors  could  obtain  novel  Ag+,  Pt+-  and  Pd+-  metal  interca- 
lated clays,  which  may  be  useful  in  catalysis.  These  are  prepared  by  using 
the  combination  of  microwave-hydrothermal  and  polyol  reduction  pro- 
cesses. Fang  et  al.  (1992,  1994)  have  earned  out  extensive  studies  on  FIAp 
ceramics  using  microwave-hydrothermal  conditions. [1?6][177]  This  not  only 
enhances  the  reaction  kinetics,  but  also  gives  better  densification  and 
mechanical  properties.1178] 

The  application  of  microwave-hydrothermal  techniques  to  pro- 
cess modern  materials  is  becoming  highly  popular  and  is  a rapidly  expand- 
ing area  of  research  and  development.  A reader  can  get  more  useful 
information  in  the  reviews  of  Komarneni  (1995)  and  Ehsani  et  al. 
(1994). !175!!178] 

10.4.4  Hydrothermal  Treatment/Recycling/Alteration 

This  is  probably  one  of  the  most  important  areas  of  research  in  the 
field  of  hydrothermal  technology,  wherein,  the  supercritical  water  (SCW) 
properties  are  exploited  for  effective  detoxification  and  disposal  of  prob- 
lematic industrial,  nuclear,  military,  and  municipal  wastes.  In  SCW  at 
450°  to  700°C,  many  organic  compounds  are  rapidly  (0.1  to  100s)  and 
efficiently  (99.9  to  99.99  + %)  oxidized  (supercritical  water  oxidation  or 
SC  WO),  with  their  carbon,  hydrogen,  and  nitrogen,  almost  completely 
converted  to  C02,  H20,  (mineralization)  and  N2.  These  attributes  make 
SCW  an  attractive  medium  for  chemical  reactions  and  physical  separa- 
tions, i.e.,  for  hydrothermal  processing.  Environmental  applications  in- 
clude the  rapid  and  efficient  destruction  of  hazardous  organic  substances, 
e.g.,  aqueous  wastes,  and  decontamination  and/or  separation  of  inorganic 
pollutants. [179]-[i80]  Thus,  supercritical  water  oxidation  is  an  emerging 
technology  for  the  treatment  of  aqueous  waste  streams,  so  that  they  can  be 
recycled  as  process  streams  and  for  the  ultimate  destruction  of  organic 
wastes.  Recycling  of  waste  plastics,  such  as  polyethylene,  polystyrene, 
polypropylene  and  polyethyleneterephthalate,  radioactive  waste,  concrete 
wastes,  and  so  on,  have  received  special  attention.!183]-!186]  Similarly,  the 
decomposition  of  chlorocarbons,  ch  loro  fluorocarbons,  polymers,  poly- 
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mer  additives,  nitroaromatics,  and  so  on,  under  higher-pressure  temperature 
conditions,  have  been  well  understood.1 1X71  11891  The  conventional  method  of 
treating  most  of  these  waste  materials  is  oxidation  pyrolysis  in  incinerators, 
but  this  method  is  not  effective  as  to  the  dechlorination  of  chlorofluorocar- 
bons,  for  example,  they  need  high-temperature  plasma  destruction,  requiring 
large  and  expensive  apparatus,  and  the  reactors  are  easily  corroded  by  HC1 
or  Ch  gas  (the  decomposed  productions).  Similarly,  reductive  decomposition 
is  not  a cost-effective  method,  requiring  expensive  reductive  agents. 

Savage  and  co-researchers  have  worked  out  the  reaction  models  for 
supercritical  water  oxidation  processes  in  detail,  based  on  molecular  dynam- 
ics studies  of  supercritical  water,  in  order  to  understand  better  the  potential 
roles  of  water  in  influencing  elementary  chemical  reaction  rates. 11901  The 
study  of  hydrogen  bonding  in  supercritical  water  and  its  dependence  on 
temperature  and  density  has  been  carried  out  by  many  workers  to  understand 
fundamental  issues  connected  with  structure  dynamics  and  thermodynamics 
of  pure  water.11901-11931 

Hydrothermal  decomposition  of  organics,  or  recycling  of  waste 
materials  is  usually  earned  out  in  small  autoclaves,  or  Tuttle  cold-cone 
seal  autoclaves  or  batch  reactors/flow-reactors,  depending  on  experimen- 
tal conditions  and  purpose. 

Adschiri  et  al.  (1994)  have  studied  the  conversion  of  lignin, 
polystyrene,  and  polyethylene,  under  supercritical  conditions  of  water  and 
found  that  polystyrene  could  be  completely  decomposed  into  ethylbenzene, 
toluene,  benzene,  styrene,  and  xylene  in  5 min.  However,  the  conversion 
yield  of  polyethylene  was  fairly  low,  even  at  a longer  reaction  time  of  2 
hours  at  35  MPa,  400°C;  but,  by  the  addition  of  oxygen  (about  0.013 
mol),  conversion  increased  to  60%  at  the  same  temperature.  The 
advantages  of  such  conversion  are  that  lesser  char  and  more  aldehyde, 
ketone,  and  acid  production  in  SCW  are  observed,  as  compared  to  neat 
pyrolysis  reaction.!194] 

The  above  works  clearly  indicate  that  a new  trend  is  being  set  in 
hydrothermal  technology.  This  technology  is  going  to  be  the  one  used  in 
materials  processing  in  the  21st  century  and  it  is  not  only  human  friendly 
or  environmentally  safe,  but  also  economical  cost  wise.  Already,  several 
groups  have  cropped  up  all  over  the  world  to  tackle  the  existing  problems 
and  search  for  new  avenues  in  materials  synthesis  and  processing  under  a 
new  concept  called  green  materials,  which  deals  with  industrial  ecology, 
environmentally  friendly  methods,  recycling,  and  so  on. 
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In  this  regard,  hydrothermal  technique  occupies  a unique  place 
because  of  its  pollution  free  nature  as  the  reactions  take  place  within  a 
closed  system.  Also,  the  reactions  take  place  at  relatively  lower  pres- 
sure/temperature conditions,  which  make  the  technique  more  popular  and 
easier  to  operate. 


10.5  HYDROTHERMAL  TECHNOLOGY  FOR  THE  21st 

CENTURY 

Belching  smokestacks  were  viewed  as  a sign  of  progress  in  the 
19th  century,  worldwide,  and  even  now,  in  some  developing  countries. 
Industrialization,  indeed,  should  be  viewed  as  a sign  of  progress.  It  leads 
to  higher  living  standards,  greater  longevity,  and  a better  quality  of  life. 

Of  late,  we  have  begun  to  understand  the  implications  of  pollution 
and  its  prevention,  of  population  growth,  and  increased  industrialization 
in  the  third  world  and  in  the  vibrant  Pacific  Rim  economies.  By  the  middle 
of  the  21st  century,  population  will  increase  by  at  least  by  50%  and  then 
probably  stabilize  as  most  countries  will  have  relatively  high  standards  of 
living.  Industrial  production  will  probably  increase  at  least  five  fold  as  the 
newly  industrialized  nations  have  formed  a mainstream.!1951 

Modern  human  society  has  been  sustained  both  by  a remarkable 
development  of  advanced  materials  and  by  a huge  consumption  of  energy 
and  resources.  As  we  cannot  withdraw  ourselves  from  using  them  now  and 
even  in  the  near  future,  the  wastes  of  materials,  chemicals,  energy,  and 
heat  would  increase  markedly  to  cause  environmental  problems  on  the 
earth  (Fig.  10.38). 11961  The  global  environment  has  great  effects  on  human 
lives.  Far  reaching  changes  in  social  structure  are  being  forced  upon  us 
already  by  environmental  issues  such  as  global  wanning,  desertization, 
depletion  of  the  ozone  layer,  acid  rain,  etc.,  which  stem  from  two  main 
problems:  global  scale  expansion  of  the  economic  activities  of  industrially 
advanced  nations  and  population  expansion  in  developing  countries.  Glo- 
bal environmental  problems  will  lead  to  great  changes  in  the  social 
structure  of  the  2 1 st  century . These  changes  will  affect  not  only  human  life 
and  industrial  activity,  but  will  also  force  significant  reforms  in  funda- 
mental concepts  of  manufacturing  goods. 11971  As  the  earth  is  almost  a 
closed  system  with  limited  biosphere,  lithosphere,  hydrosphere,  and  atmo- 
sphere (Fig.  10.39),  all  materials  should  be  cycled,  moreover,  heat  and 
energy  (entropy)  loss  should  be  minimized.1 19611  l98l  Considering  these 


816  Handbook  of  Hydrothermal  Technology 


specifications,  we  must  search  for  materials:  1 ) which  are  less  hazardous  to 
human  life,  and  preferably  compatible  with  human  beings  and  other  living 
species;  and 2)  which  have  environmentally  friendly  processing  to  fabricate, 
to  manipulate,  to  treat,  to  reuse,  to  recycle,  and  to  dispose  of  those  materials. 
The  term  materials  cycle  is  generally  used  to  designate  raw  materials 
synthesis,  their  fabrication,  functional  products,  and  their  disposal.  It  is  well 
known  that  all  materials  are  extracted  from  the  earth,  and  then  converted  into 
functional  products  through  various  means  of  materials  processing,  usually 
involving  very  high- temperature/energy  and  cost,  which  in  turn  contribute  to 
global  warming.  These  materials  may  be  disposed  of  on  the  earth  or 
recycled.  [1"i 

A number  of  substances  with  particular  compositions,  crystal  struc- 
tures, and  specified  properties,  have  been  investigated  in  detail  by  various 
workers  all  over  the  world.  However,  only  a few  materials  can  be  considered 


Figure  10.38.  Life  cycle  of  artificial  materials  with  environmental/resources  on 
the  earth. [196] 
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Figure  10.39.  Entropy  transfer  in  energy  cycle  on  the  earth. I196][i98] 


as  useful  materials,  because  some  substances  which  have  desired  composi- 
tion structures  and  properties  cannot  be  used  as  they  are  extremely  difficult 
to  give  desired  shapes  or  forms  (this  important  point  has  often  been 
overlooked).  Particularly,  it  is  difficult  to  give  desired  shapes,  forms,  and 
size,  to  inorganic  materials  owing  to  their  high  brittleness.  Organic  materials, 
such  as  polymers  and  plastics,  or  metallic  materials  can  be  generally 
deformed  when  local  stresses  (above  their  yield  stresses)  are  applied  to  them, 
but  inorganic  materials,  particularly  ceramics,  are  likely  to  break  due  to  brittle 
fracture.  Because  ceramics  have  generally  been  fabricated  by  a rather  special 
“ceramic  processing”  which  consists  of  two  steps:  1 ) synthesis  of  powders, 
and  2)  shape -forming  by  firing/sintering  of  the  powders  or  melting  (in  the 
case  of  glasses),  both  the  steps  usually  require  high  temperatures  and 
consume  a lot  of  energy. 

10.5.1  Thermodynamic  Principles  of  Advanced  Materials  Processing 

Processing  of  advanced  materials  generally  consists  of  two  steps: 
1)  synthesis  of  substances  (ceramic,  metallic,  organic)  which  have  a 
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particular  chemical  composition,  structure,  and  properties,  and  2)  materials 
fabrication  (i.e.,  shape-forming  by  firing/sintering,  melting,  molding,  or 
casting).  Organic  materials,  like  polymers  and  plastics,  or  metallic  materials 
can  generally  be  deformed  when  local  stresses  (above  their  yield  stresses)  are 
applied  to  them,!200!!201!  but  ceramics  are  likely  to  break  due  to  brittle 
fractured202!  The  two-steps  in  “classical”  processing  usually  require  high 
temperatures,  thus  consuming  a lot  of  energy,  particularly7  in  the  case  of 
ceramics.!203!  More  recent  processing  routes,  using  a gaseous  phase,  like 
CVD,  MOCVD,  etc., I204!!205!  or  vacuum  systems  such  as  sputtering,  MBE, 
etc.,!204!!206!  require  much  more  energy  than  standard  high-temperature 
processing.  Generally  speaking,  all  these  techniques  have  resulted  in  environ- 
mental problems  because  the  consumed  energies  are  emitted  as  exhaust 
gas(es)  or  exhaust  heat  (entropy)  except  for  the  part  involved  in  the 
production.  Especially,  the  vacuum  systems  seem  to  be  worse  because  they 
need  continuous  pumping  to  maintain  vacuum  and  their  exhaust  gas(es) 
cannot  be  cycled  due  to  their  diluted  huge  volumes. 

The  total  energy  consumption  among  all  the  mentioned  process- 
ing routes  should  be  the  lowest  in  aqueous  solution  systems,  because  an 
excess  of  energy  is  necessary  to  create  melts,  vapor,  gas,  or  plasma,  than  to 
form  aqueous  solutions  at  the  same  temperature  (Fig.  1 .7).1 1961  This  idea 
can  be  demonstrated  using  an  example  of  BaTi03,  which  is  one  of  the 
most  important  materials  for  the  electronic  industry.  Driving  force  (AG) 
for  representative  synthesis  reactions  of  the  BaTi03  Eqs.  (2),  (3),  (4),  (5), 
and  (6),  are  38  keal/mol,  3685  keal/mol,  17  keal/mol,  and  -14  keal/mol, 
respectively,  at  room  temperature. I28!!207!  Figure  10.40  shows  the  energy 
diagram  for  the  formation  of  BaTi03  from  various  precursors. 

Eq.  (2)  BaO(crystal)  + Ti02  (crystal)  <-»  BaTi03  (crystal) 

Eq.  (3)  Ba  (vapor)  + Ti  (vapor)  + 3/2  02  (gas)  <-»  BaTi03  (crystaI) 

Eq.  (4)  Ba2+(gas)  + Ti4+(gas)  + 302-(gas)  <-»  BaTi03  (crystal) 

Eq.  (5)  Ti02  (crystal)  + Ba2+(aq  ( + 20H(aq  } <H>  BaTi03  (crystal) 

Eq.  (6)  Ba2+(aq  , + Ti(OH)4  (aq } - H20  (aq  ) - 2H+  (aq  , BaTi03  (crystal) 


Free  energy,  G (kcal/mol) 
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Because  the  raw  materials  of  Ba  and  Ti  must  be  solid  oxides  or 
carbonate  ores,  processing  using  gas/vapor  requires  a huge  energy  expen- 
diture of  727-3685  kcal/mol  to  make  solid  BaTi03  and  this  energy  must 
be  discarded  into  the  environment.  On  the  other  hand,  as  the  lattice  energy 
of  BaO  and  Ti02  is  almost  equal  the  hydration  (solvation)  energy  of  Ba2+ 
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Figure  10.40.  Energy  diagram  for  the  formation  of  BaTi03  from  various 
precursors.  (Courtesy  ofM.  Yoshimura .) 
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and  Ti4+  ions,  solution  processing  consumes  very  little  energy  if  the  synthesis 
activation  energy  (AG*)  can  be  overcome.  Generally  speaking,  AG*  is 
inversely  proportional  to  (AG)1!,  where  AG  and  the  activation  energy  (AG*) 
are  sufficiently  provided  for  reaction  to  yield  crystallization  compounds  with 
desired  shape/size  via  several  steps,  such  as  diffusion,  adsorption,  reaction, 
nucleation,  and  growth)208!  On  the  other  hand,  species  in  aqueous  solutions 
are  hydrated  (or  chelated  by  some  complexing  agents).  Thus,  they  have  only 
a small  driving  of  force  (AG)  for  the  reaction  and  rather  high  activation 
energies  are  necessary  for  reaction  to  occur  by  defeating  the  hydration 
(chelation)  energies  of  ions.  Electro-  or  electroless-plating  for  metals  is 
achieved  by  reducing  metal  ion(s)  electrochemically  or  chemically.  How- 
ever, in  the  case  of  ceramics,  anions  must  be  oxidized  at  the  same  time  as  the 
reduction  of  cations.  Because,  some  particular  activation  processes,  such  as 
electro-,  photo-,  sono-,  complexo-,  organo-,  and  mechano-activation  are 
required  to  accelerate  kinetics  of  synthesis  of  crystallized  single/multicompo- 
nent ceramic  materials  from  the  solution. 

Schematic  diagram  of  a temperature-pressure  map  for  various  kinds 
of  materials  processing  is  shown  in  Fig.  1.8.  Solution  processing  is  located  in 
the  pressure  temperature  range  characteristic  for  conditions  of  lives  on  earth. 
All  other  processing  routes  are  connected  with  increasing  temperature  and/or 
increasing  (or  decreasing)  pressure;  therefore,  they  are  environmentally 
stressed. 

Although  environmental  problems  have  been  argued  from  various 
points  of  view,  ecologically,  biologically,  technologically,  economically, 
and  even  politically,  the  most  scientific  arrangements,  thus  universally 
acceptable,  are  the  thermodynamic  ones. 

Thus,  important  subjects  of  technology  in  the  21st  century  are 
predicted  to  be  the  balance  of  environmental  and  resource  and/or  energy 
problems.  This  has  led  to  the  development  of  a new  concept,  related  to  the 
processing  of  advanced  materials  in  the  21st  century,  namely,  industrial 
ecology — science  of  sustainability)209!  The  first  textbook  on  the  subject, 
written  by  two  AT&T  authorities,  provides  the  following  definition: 

Industrial  ecology  is  the  means  by  which  humanity  can 

deliberately  and  rationally  approach  and  maintain  a desirable 
carrying  capacity,  when  given  continued  economic,  cultural 
and  technological  evolution.  The  concept  requires  that  an 
industrial  system  be  viewed  not  in  isolation  from  its 
surrounding  systems,  but  in  concert  with  them.  It  is  a system’s 
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view  in  which  one  seeks  to  optimize  the  total  materials  cycle, 
from  virgin  material,  to  finished  material,  to  component,  to 
product,  to  obsolete  product,  and  to  ultimate  disposal.  Factors 
to  be  optimized  include  resources,  energy,  and  capital. |2I(|I 

Many  believe  that  implementing  industrial  ecology  will  be  a principle 
challenge  for  business  and  society  in  the  2 1st  century.  The  race  is  to  become 
the  most  innovative,  most  visionary,  and  most  effective  company  under- 
standing industrial  ecology,  and  implementing  design  for  environment  (DFE). 

With  all  of  the  above  discussed  aspects  in  mind,  Yoshimura  pro- 
posed a new  concept  of  materials  processing,  namely  soft  solution  process- 
ing, which  meets  all  the  demands  of  materials  processing  in  the  2 1st  century. 
This  soft  solution  processing  for  high  performance  inorganic  materials  is  fast 
catching  on  with  materials  scientists  world  wide,  because  it  deals  with  low 
energy  processing  using  solutions  which  minimize  environmental  impact 
(sometimes  called  chirnie -douce),  it  will  be  the  key  to  environmental 
improvement.  Temperature  for  preparation  will  affect  energy  consumption 
and  a low  temperature  leads  to  “soft  processing.”  A significant  example  is 
biological  processes  that  produce  magnetite  oxides  at  room  temperature. 

The  solution  process  also  has  merit  in  that  some  unique  inorganic 
materials  can  be  synthesized  only  by  this  process.  There  are  many  kinds  of 
processes  related  to  soft  solution  processing,  and  the  important  ones  are: 
soft  solution  electrochemical  process,  liquid  phase  deposition,  sol-gel 
processing,  hydrothermal  technique,  co-precipitation,  emulsions,  the 
polymerizable  complex  method,  biomimetic,  solvothermal,  self-assem- 
bly, wet-chemical  processing,  templating,  etc.  Development  of  simple 
patterning  methods  with  nanometer  resolution,  acceleration  of  kinetics  of 
synthesis,  framing  (deducing)  the  theoretical  approaches  to  the  growth  of 
materials  from  solutions,  and  the  development  of  in  situ  observation 
techniques  are  some  examples  of  emerging  research  subjects.  One  of  the 
most  important  technological  issues  of  the  soft  solution  processing  is  its 
integration  with  functional  device  technology,  because  possibility  of  fabrica- 
tion of  a variety  of  materials  and  microstructures  from  solutions  has  been 
already  demonstrated.  In  these  processes,  solutions  are  always  used  and 
therefore,  many  factors,  such  as  pFl,  concentration,  ligand  type,  tempera- 
ture, electrode  potential,  etc.,  are  controlled  in  order  to  design  advanced 
materials.  Additionally,  the  technique  using  the  solution  flow  may  be  used  to 
synthesize  various  single  phase  and  multilayered  thin  films  and  this  is  an 
important  step  in  the  application  of  the  soft  solution  processing  in  the 
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technology  of  the  future  integrated  functional  devices.  From  this  point  of 
view,  fabrication  of  the  ceramic  thin  films  in  the  solution  flow!211!  in  the 
recycled  system,  below  200°C,  is  very  important.  In  this  connection,  a flow- 
cell for  hydrothermal  electrochemical  synthesis  and  its  applicability  to 
fabricate  single  phase  thin  films,  as  well  as  multilayered  structures  in  the 
system  BaTi03-SrTi03,  has  been  demonstrated  by  Yoshimura  and  co- 
workers. l74H76fl82H84l  The  technique  using  the  solution  flow  under  the 
hydrothermal  electrochemical  conditions  is  an  important  step  in  the 
integration  of  the  solution  processing  with  the  functional  devices  technology 
and  may  find  applications  for  various  single  and/or  multilayered  thin  films. 

During  the  21st  century,  hydrothermal  technology,  on  the  whole, 
will  not  just  be  limited  to  the  crystal  growth,  or  leaching  of  metals,  but  it  is 
going  to  take  on  a very  broad  shape,  covering  several  interdisciplinary 
branches  of  science.  Therefore,  it  has  to  be  viewed  from  a different 
perspective,  as  it  offers  several  new  advantages,  like  homogeneous  pre- 
cipitation using  metal  chelates,  decomposition  of  hazardous  and/or  refrac- 
tory chemical  substances,  monomerization  of  high  polymers,  like  polyeth- 
ylene or  tetraphthalate,  and  other  environmental  engineering  and  chemi- 
cal engineering  issues  dealing  with  recycling  of  rubbers  and  plastics 
instead  of  burning.  Further,  the  growing  interest  to  enhance  the  hydrother- 
mal reaction  kinetics  using  microwave,  ultrasonic,  mechanical,  and  elec- 
trochemical reactions,  will  be  distinct. t212l  Also,  duration  of  the  experi- 
ments is  being  reduced  at  least  by  two  orders  of  magnitude  which,  in  turn, 
makes  the  technique  more  economic.  With  an  ever-increasing  demand  for 
composite  nanostructures,  the  hydrothermal  technique  offers  a unique 
method  for  the  coating  of  various  compounds  on  metals,  polymers,  and 
ceramics,  as  well  as  the  fabrication  of  powders  or  bulk  ceramic  bodies. 

In  recent  years,  activated  carbons  showing  high  surface  area  are 
specially  impregnated  with  active  metals,  like  Cd,  Cu,  W,  Cr,  Mo,  etc. 
Such  impregnated  activated  carbons  have  additional  characteristics,  like 
antibacterial  effects,  absorb  harmful  gases  in  industrial  and  military  appli- 
cations.12131 The  hydrothermal  technique  is  very  effective  for  the  impreg- 
nation of  active  metals  into  activated  carbon.  Activated  carbon  impreg- 
nated with  tungsten  metal  has  been  successfully  employed  for  the  decom- 
position of  toxic  organic  compounds,  like  phenols,  nitroarenes,  etc.|2l4||2l5i 

Feng  et  al.  (1998)  have  employed  the  hydrothermal  soft  chemical 
process  for  synthesis  of  tunnel  manganese  oxides  from  a layer  of  manga- 
nese oxide.l216H218l  This  process  comprises  of  two  steps:  1 ) preparation  of 
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a framework  precursor  with  layered  structure  and  insertion  of  template  ions 
or  molecules  (structure  directing  agents)  into  its  interlayer  space  by  a soft 
chemical  reaction  and  2 ) transformation  of  the  template  inserted  precursor 
into  a tunnel  structure  by  hydrothermal  treatment. 

Hydrothermal- solvothermal  processing  helps  greatly  in  the  struc- 
ture stabilization  of  several  new  compounds  3219k220]  Natural  phyllosilicates 
are  characterized  by  a low  thermal  stability  due  to  the  presence  of  (OH)- 
groups  in  the  lattice.  Through  hydrothermal  treatment,  the  replacement  of 
(OH)-  groups  by  oxygen  atoms  takes  place,  and  this,  in  turn,  improves  the 
thermal  stability  of  phyllosilicates.  Similarly,  the  replacement  of  metals 
can  be  earned  out  under  hydrothermal  conditions  to  obtain  new  structures. 

Recovery,  recycling,  decomposition,  and  treatment  processes, 
under  hydrothermal  conditions,  arc  going  to  play  a major  role  in  the  21st 
century. [22i]-[225]  FjgUre  10.41  shows  the  author’s  imagination — a new 
generation,  complex  industry  constructed  underground  which  will  ex- 
haust no  toxic  or  hazardous  wastes. [224]  It  is  an  ideal  closed  system,  a 
combination  of  waste  treatment,  energy  recovery,  and  formation  of  re- 
source. This  deals  with  the  recovery  process  of  human  waste  to  energy 
resource  using  hydrothermal  technology.  The  authors  have  decomposed 
the  night  soil  without  any  insecticides  and  deodorizers  using  the  hydro- 
thermal  technology.  The  decomposition  of  the  night  soil  was  defined  by  a 
ratio  of  COD  Mn  before  and  after  the  reaction.  The  reaction  time  was  just 
10  minutes.  The  decomposition  ratio  increased  with  increasing  tempera- 
ture, and  oxygen  pressure  over  2 MPa  accelerated  the  decomposition. 
Night  soil  was  over  90%  decomposed  when  the  reaction  temperature  of 
the  hydrothermal  treatment  was  at  300°C  for  10  minutes.  Under  these 
conditions,  hydrothermal  decomposition  of  night  soil  occurred  with  offensive 
smelling  gas.  Figure  10.41  shows  the  conversion  of  organic  wastes  to  bio- 
resource and  energy.  Furthermore,  C02  gas  is  not  discharged  to  atmosphere 
in  this  system  and  to  change  CH3OH  for  C 1 chemical  industry.  In  the  future, 
a closed  system  such  as  this  type  must  be  attained  in  all  industrial  fields  for 
survival  of  modern  civilization  and  for  earth  ecology.  To  quote  an  example 
of  such  a system,  at  IAx  corp.,  Japan,  a new  closed  system  for  the  collection 
of  waste,  separation,  and  recycling  has  been  introduced,  and  achieved  a 
reduction  in  waste  output  by  85%  without  increasing  the  intake  (Fig.  10.42). 
In  order  to  achieve  the  objective  of  a waste  zero  system,  the  corporation  is 
working  out  new  technology  based  on  the  closed  manufacturing  system. 
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Soil,  solidified  hydrothermally,  is  a new  material  bom  from  the  development 
of  a closed  production  system.1 1971  The  strength  of  the  hydrothermally 
processed  soil  is  equal  to  or  greater  than  that  of  concrete  building  materials 
(flexural  strength  = 4 to  6 MPa).  Its  heat  capacity  is  greater  than  that  of  wood 
flooring  (1090  k J/m3,  K),  tatami  (430  k J/m3,  K)  and  caipet  (330  k J/m3,  K). 
It  also  exhibits  high  humidity  absoiption  and  desorption  ability,  similar  to 
wood  because  of  its  pore  sizes,  which  are  extremely  small  (10  to  20  nm) 
when  compared  to  concrete  blocks  or  conventional  chinaware.  Figure  10.43 
shows  the  influence  of  earth  ceramics  on  the  room  temperature  and  relative 
humidity  (temperature  and  relative  humidity  were  measured  for  1 month  in 
winter). 097]  The  extremely  small  pores  are  the  result  of  the  pores  in  the  raw 
material  (soil)  itself  and  the  pores  that  are  formed  during  hydrothermal 
solidification.  This  hydrothermally  treated  soil  product,  with  a trade  name 
Earth  Ceramics,  is  being  widely  used  as  flooring  material  in  Japan, 
because  of  the  improved  properties  compared  to  the  conventional  materi- 
als (Fig.  10.44).  The  amount  of  energy  used  for  air  conditioning  after  the 
use  of  soil  ceramics  was  25%  less  than  that  without  earth  ceramics.  Figure 
10.45  shows  the  flexural  strength  per  manufacturing  energy  (MPa  m3/GJ) 
for  the  hydrothermally  solidified  waste  soil  (earth  ceramics)  and  other 
common  ceramic  products.  Similarly,  earth  ceramics  have  less  allergic 
problems  than  vinylon  cloth  and  carpets.  Thus,  the  hydrothermal  process- 
ing helps  greatly  in  the  production  of  ecofriendly  materials,  namely  eco- 
materials  or  green  materials. 
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Figure  10.41.  Author’ s imagination — a new  generation  complex  industry,  constructed  underground 
and  exhausting  no  toxic  or  hazardous  wastes.  (Courtesy  ofN.  Yoshimura .) 
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Figure  10.42.  Closed  manufacturing  system.  (Courtesy  ofE.  H.  Ishida.) 
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Figure  10.43.  Influence  of  earth  ceramics  on  the  room  temperature  and  relative 
humidityJ197! 


Figure  10.44.  Earth  ceramics  used  for  floors.  (Photos  courtesy  ofE.  H.  Ishida.) 
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Figure  10.44.  (Cont’d.) 
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Figure  10.45.  Flexural  strength  per  manufacturing  energy  (MPa  m3/GJ)  for  the 
hydrothermally  solidified  waste  soil  (earth  ceramics)  and  other  common  ceramic 
products. 1197] 
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crystallization  processes  250 
Garnets  734 

hydrothermal  growth  735 
Gehlenite  49 1 
Gel  aging  344 

at  room  temperature  345 
Geochemical  processes  and 
phenomena  20 


Geoscience 

hydrothermal  synthesis  56 
Geothermal  reactor  17 
merit  of  cost  18 
Germanate  system  513 
phase  formation  499 
Germanates  418,  421,  422,  533 
alkali  alumino  516 
alkali  gallium  516 
antimony  516 
barium  germanate  516 
growth  498 
lead  516 
lithium  517 
neobium  516 
physical  properties  516 
structural  elucidation  502 
titano  516 
Germanium 

natural  compounds  498 
Gibbs  energy  minimization  171 
Gismondine  328 
Glass  vessel 

advantages  102 
disadvantages  102 
Global  environment  815 
Glycothermal  8 
Gmelinite  380 
Gold  crystallization 
first  attempt  692 
Gold  solubility  693 
Green  materials  815 
Greigite  671,  672 
Grey-loc  sealing  74 
Growing  crystals 

Hydrothermally  622 
Grown  crystal 

nutrient  quality  211 
Growth 
berlinite  225 
beryllium  703 
borates  591 
calcite  276,  279,  284 
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corundum  707 
HAp  crystals  290 
Hf02  714 
KTP  265,  269 
otavit  285 
a-quartz  202 
quartz  89,  215 
spherocobaltite  285 
Growth  kinetics  695 
Growth  rate  208 


HA  whisker-reinforced 
composites  792 
Hackmanite  375 
Hafrium  oxides  712 
HAp 

ceramics  774,  793 
clinical  applications  786 
coatings  786 
film  786 
preparation  289 
HAp  crystals  297 

hydrothermal  conditions  795 
morphology  797 
HAp  powders  786 

preparation  techniques  775 
HAp  single  crystals 

growth  rate  measurement  298 
preparation  295 
HAp  whiskers  800 
preparation  795 
HAp-based  bioceramics  777 
HAp-based  composites  791 
HAp-bioceramics  775 
HAp/collagen  composites 
fabrication  793 
Helgeson-Kirkham-Flowers 
equation  2 1 
Hemioxide  of  cuprite 
solubility  702 
Heptane  390 

Heterogeneous  nucleation  769 


HHP  802.  See  also  Hydrothermal 
hot  pressing 

High  pressure  autoclaves  117 
High-pressure  technology  694 
History  of  hydrothermal 
technology  63 
History  of  petrology  61 
Homogeneous  nucleation  769 
HPHT  water  condition  697 
Hydration  shell  water  643 
Hydrogen  89 
Hydrogen  ions  174 
Hydrometallurgy  27,  143 
Hydrophilic  NaX  398 
Hydrophobic  silicate  398 
Hydrothermal  alteration  3 
Hydrothermal  apparatus  82 
Hydrothermal  autoclave  59,  84, 
132,  140,  149 
characteristics  83 
commonly  used  83 
Hydrothermal  bomb  59,  133 
Hydrothermal  cell 

stainless  steel  container  121 
teflon  lining  121 
Hydrothermal  chemistry  176 
Hydrothermal  conditions  777 
effects  284 
pressure  balance  115 
stability  diagrams  767 
Hydrothermal  crystal 

growth  94,  213,  281 
advantages  27 
Hydrothermal  crystallization 
processes  129 
systematic  study  514 
Hydrothermal 

decomposition  3,  801,  814 
Hydrothermal  dehydration  3 
Hydrothermal  deposition 
method  778 

Hydrothermal  ecosystems  19 
Hydrothermal  electrochemical 
reaction  3 
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Hydrothermal  experiments 
pressure  97,  99 
solutions  173 
temperature  97 
Hydrothermal  extraction  3,  64 
Hydrothermal  flow  reactors  143 
Hydrothermal  fluids  20 
Hydrothermal  growth  3,  7,  43,  539 
of  crystals  74,  166 
physical  chemistry  161 
Hydrothermal  hot  pressing  40, 

284,  774,  802 
Hydrothermal  KTP 

average  growth  rates  268 
Hydrothermal  laboratory  111,  149 
Hydrothermal  leaching  801 
Hydrothermal  metamorphism  3 
Hydrothermal  method  166, 

289,  290,  332,  538, 

700,  718,  736 
Hydrothermal  mineralizer  9 
Hydrothermal  ore  deposits 
conditions  of  formation  170 
Hydrothermal  oxidation  of 
metals  762 

Hydrothermal  phase  equilibria  3,  27 
Hydrothermal  physical 
chemistry  161 
experimental  results  176 
pioneers  in  the  field  75 
understanding  of  theory  176 
Hydrothermal  process  754,  771 
development  9 

Hydrothermal  processing  of  ceramics 
advantages  757 
disadvantages  758 
Hydrothermal  reaction 
cell  121 
in  ceramics  756 
kinetics  147 
sintering  3,  804 
Hydrothermal  research  60,  101 
development  58 


development  trends  70 
first  publication  54 
future  43 
journals  34 
key  tools  109 
research  publications  35 
reviews  and  edited  books  3 
Hydrothermal  researchers  66 
Hydrothermal  sintering  3,  774,  801 
Hydrothermal  solutions  171 
viscosity  177 

Hydrothermal  synthesis  3,  7, 

763,  778 

fluorides,  sulphides,  tungstates, 
titanates  618 
Hydrothermal  system  163 
black  box  nature  38 
disadvantage  37 
important  constituent  14 
organics  42 

Hydrothermal  technique  1,  28, 

42,  57,  75,  198,  259, 

691,  702,  754,  821 
adaptability  39 
flexibility  39 

Hydrothermal  technology  60, 

74,  82,  161,  813 
commercial  application  2 
early  history  53 
new  trend  814 
Hydrothermal  treatment  3 
Hydrothermal  waves  162 
Hydro thermal-electrochemic  al  film 
formation  778 
Hydrothermal-electrochemical 
method  132 

Hydrothermal-electrochemical 
reactions  134 

Hydrous  aluminosilicates  469 
Hydrous  silicate  melt 
boron  14 

Hydroxide  crystals  701 
Hydroxide  precursor  767 
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Hydroxy  borate  ion 
formation  580 

Hydroxy  polymeric  cations  42 
Hydroxyapatite  299 
field  of  stablility  29 1 
Hydroxyapatite  bioceramics 
sintering  effects  808 
Hydroxyapatite  particles 
preparation  of  185 
Hydroxyl  molybdates  647 


I.B.E.  See  Ion  Beam  Etching 
In  situ  reaction  mechanism  769 
Incubation  period  359 
Incubation  time  359 
Induction  time  350 
Industrial  chemical  etching 
process  222 
Industrialization  815 
Inorganic  materials  817 
Intrazeolite  sulfides  391 
Ion  beam  etching  222 
Ion  diffusion 

synthesis  of  xonotlite 
whiskers  127 
Ion  solvent  interactions 

configurational  aspects  179 
Ionic  conductivity  459 
Ionization 

hydrothermal  conditions  178 
Iron  oxide  powders 

preparation  methods  727 
Iron  vanadate  572 
Isomorphous  400 
Isothermal  chemical  reaction  164 
Isothermal  zone  97 


Kagom  lattices  63 1 
Kaolinite  375 

Kinetics  of  crystallization  376 
Koechlinite  648 


KTA  269.  See  also  Potassium 
titanyl  arsenate 
KTA  crystals 
flux  grown  270 
ideal  morphology  270 
ionic  conductivity  272 
stability  272 

KTiOP04  256.  See  also  Potassium 
titanyl  phosphate 
KTP.  See  KTiOP04 
application  259 
conversion  efficiency  257 
KTP  crystals 

hydrothermal  growth  261 
properties  269 
structural  analogs  272 


Lack  of  solubility  data  226 
Lanthanide  ions  642 
Lanthanides  453 
Lanthanum  coordination 
polyhedra  630 
Lanthanum  series  429 
Lanthanum  tungstates  642 
Large  pore  zeolites  398 
Laser  crystals 

semiconductor  laser  pumping  619 
Laser  fluorides 

single -centered  622 
Laser  Raman  139 
Lattice  parameter  values  272 
LBO  crystals 

solubility  curves  583 
Lead  apatite  287 
Lead  fluoride  632 
Lead  sulphide  669 
Lead  zirconate  titanate 

morphological  control  184 
size  184 

LiCl  solutions  495 
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pressure  imbalance  93 
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Liquid  phase  deposition  821 
LISICON  517 
Lithium  aluminium  silicate 
system  495 

Lithium  metagallate  663 
Lithium  silicates 

hydrothermal  synthesis  497 
Lithium  tetraborate  576 
Low-temperature  inorganic 
syntheses  363 


Magnetite 

hydrothermal  synthesis  727 
Malachite 

kinetic  curves  190 
solubility  190 
synthesis  165 
Manganese  ferrites 
synthesis  738 
Marangoni  convection  162 
Material  processing  82 
Measuring  reaction  rates  121 
Melt  growth  method  290 
Melt  structure  1 3 
Mercury  sulphide  669 
field  of  stability  669 
Mesoporous  materials  354 
Metal  ammonia  solutions  135 
Metal  intercalated  clays  808 
Metal  powders  808 
Metal-aqua  complexes 
formation  543 
Metal-organic  chemical  vapor 
deposition  778 
Metastable  phases  54 
Micas 

recrystallization  56 
Microautoclave  137 
Microcrystallites  207 
Microwave  dielectric  heating  808 
Microwave  hydrothermal  39, 

186,  801 


processing  813 
technique  810 
Microwaves  808 
Mineral  formation  2 
Mineral  type  structure 
Bastnaesite  630 
Cebaite  Type  630 
Huanghoite  Type  630 
Zhonghuacerite  630 
Mineralizer  9,  56,  90,  140, 

622,  639 

alcoholic  solution  187 
solutions  177 

MOCVD  778.  See  also  Metal- 
organic  chemical  vapor 
deposition 

Modified  Bridgman  vessels  113 
Molar  ratio 
value  457 
Mole  number  162 
Molecular  sieves  317,  318,  394 
commercial  success  318 
films  390 

films  and  membranes  384 
Molybdates  649 
synthesis  646 
Molybdenum  646 
Monocapped  trigonal  prism  632 
Monocationic  calcium  silicates 
crystallization  491 
Monoclinic  BaY2Fg  crystals  623 
Monocrystals 

hydrothermal  growth  716 
Morey  autoclaves  106,  147 
Morphological  features 
dependency  236 
nutrient  composition  236 
Morphology  176 
advantage  148 
Morphology  of  A1P04  236 
Multi-centered  disordered  cubic 
crystals  623 
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Na  R-silicates 
transition  452 
Nanoporous  membranes  354 
NASICON  521 
conductivity  538 
stoichiometry  538 
structure  533,  538 
Native  elements  crystals 

hydrothermal  synthesis  691 
Natural  calcite  crystals  281 
Natural  colored  gemstones 
sources  480 

Natural  hydrothermal  systems 
research  9 
Natural  quartz 

principal  source  200 
Nepheline  484 
crystals  485,  486 
Niobates  676,  679 
antimony  679 
bismuth  679 
hydrothermal  growth  676 
Noble  metal  thermocouples  97 
Noble  metals 

hydrothermal  synthesis  692 
two  types  of  reaction  692 
Non-centrosymmetric  organic 
crystals  402 

Non-specific  solvation  173 
Non-tetrahedral  cations 
properties  420 
Nonstoichiometric  composition 
stability  296 
Novel  autoclaves  118 
designs  101 

Nucleation  354,  359,  695 
rate  359,  360 
Nucleation  centers  582 
Nucleation  theory  360 
classical  and  modern  355 


Olivine  type  motif  504 
OLPF.  See  Optical  low  pass  filter 


Omega  zeolite  352 
Opposed  anvil  system  117 
Optical  low  pass  filter  200 
Optical  second  harmonic 
generation  402 
Optimal  energy  utilization  3 
Organic  materials  817 
Organic  substances  354 
Orthophosphates 
crystallization  528 
Oxidation  processes  399 
Oxide  semiconductors 
application  717 
Oxides  702 
mixed  739 
molybdenum  649 
Oxyfluorides  619,  633 
Oxyfluorinated  compounds  63 1 
Oxymolybdates  648 


Paratellurite 

crystal  morphology  716 
method  of  crystallization  715 
solubility  715 
Parr  autoclaves  129 
Paulingite  325 
Pegmatite  crystallization  16 
Pendulum  Apparatus  120 
Penta-antimonites  731,  732 
Pentafluorides  621 
Pentasils  401 
Perovskite  oxides  132 

crystallization  kinetics  184 
Perovskite  type  titanates  806 
Phanerostable  54 
Phase  166 
boundaries  511 
diagrams  166 
relationships  166 
rule  166 

tranformations  458 
transitions  381 
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Phase  equilibria  291 
data  15 
Phillipsite  350 
Phosphate  anions  522 
Phosphate  systems 

phase  equilibria  studies  519 
Phosphates  416,  417,  421 
crystal  chemistry  418 
hydrothermal  synthesis  523 
study  519 
synthesis  520,  533 
Phosphoric  acid  377 
Phosphoro-oxygen  anions 
degree  of  condensation  531 
Phosphorus  15 
Phosphorus  atoms  522 
pentavalent  state  418 
trivalent  state  418 
Phosphorus  pentoxide  1 3 
Photo-semiconductors  74 
Photorefracting  crystal  47 1 
Physical  properties  of  HAp  287 
Physico-chemical  aspects 
PVT-behavior  83 
solubility  83 
Physico-chemical 

considerations  172 
Piezo-  and  ferroelectrics  74 
Piezoelectric  high  frequency 
devices  222 

Piezoelectric  ultrahigh  frequency 
devices  222 

Piston  cylinder  apparatus  117 
Plate  tectonics  theory  19 
Platinum  lining  90 
Polychalcogenides  681 
Polycrystalline  hydroxyapatite 
disk  298 

Polymerizable  complex  method  821 
Polymorphism 

double  fluorides  619 
Polyphosphates 
crystallization  528 


Population  balance  formalism  360 
Porous  cyrstalline 

aluminophosphates  334 
Potassium  carbonate  678 
Potassium  lithium  hexatitanate  660 
Potassium  niobate  crystals 
solubility  isochore  119 
Potassium  oxalate  678 
Potassium  titanyl  arsenate  269 
Potassium  titanyl  phosphate  256 
Potassium-zirconium 
heptafluoride  626 
Pressure  balance  arrangement  90 
Pressure  balancing  technique  93 
Pressure  measurements  99 
Pressure  of  hydrogen  701 
Pres  sure-temperature  range  101 
Pseudoboehmite  380 
PTX  diagrams  166 
PVT  apparatus  121 
Pyrochlore  structure 
modified  628 
Pyrophosphates 
crystallization  546 
morphological  habits  546 
morphological  variations  553 
Pyroxenes 

recrystallization  56 
Pyrrhotite  672 


Quartz  198 

a - (3  transition  201 
double  refraction  200 
hydrothermal  growth  207 
single  crystal  growth  199 
solubility  203 
stability  field  454 
structural  defects  219 
synthesis  large  crystals  201 
tuning  forks  200 
variety  of  applications  200 
world's  largest  producer  70 
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Quartz  autoclaves 
main  advantage  105 
Quartz  crystals 

existence  of  defects  219 
growth  203,  207 
kinetic  studies  203 
parameters  207 
structural  defects  208 
Quartz  glass 

autoclaves  102 
tube  liners  92 
tubes  102 

Quartz  resonators  220 
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high  silica  concentration  454 
Raman  spectrascopy  344 
Rare  earth  antimonites  732 
Rare  earth  cation 
radii  521 

Rare  earth  elements  427,  619 
distribution  and 
mobility  426,  428 
heavier  503 
high  basicity  458 
ionic  radii  452 
natural  compounds  498 
silicates  436 
Rare  earth  fluorides  619 
unique  technological 
applications  626 
Rare  earth  germanates  499 
luminescence  properties  517 
Rare  earth  motif  452 
Rare  earth  orthophosphates  532 
Rare  earth  orthovanadates  567 
flux  method  568 
Rare  earth  phosphate  system 
phase  equilibria  study  523 
phase  formation  524 


Rare  earth  phosphates  521,  531,  555 
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formation  522 
growth  528 

hydrothermal  synthesis  523 
hydrothermal  technique  532 
hydrous  531 
synthesis  520 
Rare  earth  series 

characteristic  phase  429 
Rare  earth  silicates  416,  426 
properties  459 
solubility  427 
structural  elucidation  502 
synthesis  45 1 
Rare  earth  titanates 
flux  method  660 
Rare  earth  tungstates 
mixed  637 

Rare  earth  vanadates  567 
growth  rate  568 
Rare -metal  transport  14 
Reaction  cell  121 
Reaction  kinetics  148,  186 
Reaction  mixture 
composition  339 
Reaction  pathway  180 
Reaction  pressure  140 
Reaction  time  on  the 

crystallization  380 
Redox  reactions  19 
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fixed- volume  systems  127 
flexible-cell  system  127 
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Role  of  templates  352 
Ruby 
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Salts  354 
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solubility  710 
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acoustic  wave 
SCW  813 

SCWO.  See  Supercritical  water 
oxidation 

Second  harmonic  generation  256 
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Seed  crystals  365 
Seed  orientation  264 
Seeds 

growth  of  berlinite  235 
Selenides  391,  674 
melt  method  674 
physical  properties  676 
Selenium  crystals  694 
Self-assembly  821 
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generation 
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Si-O-Si  bonding  434 
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bond  lengths  and  angles  416 
stability  42 1 
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higher  temperatures  434 
Si:0  ratio  435 
Silica  335 

autoclaves  188 
precipitated  335 
zeolites  380 
Silicate  framework 

connectivity  decrease  435 
Silicate  growth 

hydrothermal  conditions  467 
Silicate  melts  13 
Silicate  structures  420 
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Silicates  416,  421,  467,  533 
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crystal  chemistry  418 
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structural  comparison  424 
Silver  liners  94 
Single  crystals 
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Sinterability  775 
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Si02 
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solubility  432 
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major  drawback  232 
Sodalite  327,  348 
recrystallization  119 
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Sodium  orthozincosilicate  489 
Sodium  zinc  germanate 
synthesis  515 
Sodium  zincosilicates 
synthetic  490 

Sodium  zirconium  silicates  461 
hydrothermally  grown 
crystals  466 

Soft  solution  electrochemical 
process  821 

Soft  solution  processing  8,  821 
Sol-gel  method  290 
Sol-gel  processing  821 
Solid  catalysts  400 
Solid  solutions 

crystallization  761 
Solid  state  reaction 

method  289,  290 
Solid  state  reactions  775 
Solid  state  sintering  736 
Solid-phase  transformation  336 
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214,  215,  226,  264, 

274,  275 
apparatus  121 
curves  for  KTP  265 
dependence  176 
measurement  124 
negative  coefficient  121 
of  berlinite  227 
of  calcite  279 
of  crystals  186 
of  a-quartz  215 
of  quartz  213 
of  sphalerite  67 1 
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theoretical  aspects  186 
thermodynamic  interpretation  229 
thermodynamic  principles  174 
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Solubility  of  HAp  297 
Solubility  of  KTP  264 
extensive  study  265 
Solution-mediated  transport  336 
Solvated  ions  172 
Solvation  172 
Solvent 
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synthesis  77 1 
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Sorption  properties  392 
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Source  materials  335 
Spectroscopic  properties 
rare  earth  fluorides  623 
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a-Spodumene  495,  496 
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Strecker  synthesis  21 
Structure-stabilizing  agents  352 
Submarine  hydrothermal  systems  19 
Submarine  hydrothermal  vents  21 
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hetervalent  654 
Isovalent  654 
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fabrication  785 
Sulfide  interaction  668 
Sulphide  aqueous  solutions 
thermodynamic  data  181 
Sulphides 

synthesis  of  665 
Supercritical  aqueous  systems  17 
Supercritical  water  178,  180 
oxidation  813,  814 
properties  813 
structure  and  dynamics  1 80 
Superionic  phosphates 
growth  technology  552 
hydrothermal  crystallization  542 
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Superionic  pyrophosphates  553 
Supersaturated  solution  165,  359 
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Sweeping  220,  221 
process  221 
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hydrogel  338 
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sulfides  665 
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melt  methods  674 
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Tellurium  crystals  694 
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Temperature-pressure  map  820 
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measure  temperatures  97 
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Thin  film  formation  133 
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application  725 
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crystal  chemistry  65 1 
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rare  earth  655 
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alloy  85 
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elucidation  653 
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synthesis  626 
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Tungstates  636 
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